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ABSTRACT 
Reported Visual Disturbance and Post-Concussion Cognitive Function in Collegiate 
Athletes: The Relationship between Symptom Report and Neurocognitive Outcome 
Jennifer Ruby Tinker 
 
Advisor: Eric Zillmer, Psy.D. 
 
 
A current trend within the sports-related concussion research community is focused on 
the investigation of the relationship between post-concussive symptomatology and 
neurocognitive performance.  The current investigation proposed to expand upon this 
literature by examining the relationship between reported visual disturbance and 
neurocognitive performance on computerized assessment in collegiate athletes.  Two 
computerized concussion assessment protocols, the Immediate Post-Concussion 
Assessment and Cognitive Testing (ImPACT) and the Concussion Resolution Index 
(CRI) were utilized to evaluate the hypotheses of the study. Athletes were included in the 
VSR (visual symptom report) group if they reported any degree of post-concussive visual 
disturbance on self-report measures. Athletes were evaluated at three time-points: 
baseline, 0-72 hours post-concussively, and 72-144 hours post-concussively. A total of 62 
student-athletes who sustained concussions met inclusion criteria on ImPACT. Group 
comparison revealed specific declines in visual motor speed and reaction time on 
ImPACT for VSR student-athletes, as well as an increase in total symptom score. Total 
symptom score and visual motor speed were identified as predictors of VSR group 
membership, with 75.8% of cases correctly classified. On CRI (n = 26), significant 
differences were detected between groups over time for simple reaction time and total 
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symptom score. Simple reaction time and total symptom score were identified as 
predictors of VSR group membership, with 80.5% of cases correctly classified. 
Consistent with previously published research, results revealed significant neurocognitive 
decline from baseline in the post-concussive group. Group comparison revealed greater 
declines over time for those athletes who reported visual symptoms, particularly in the 
domains of visual motor speed and simple reaction time, as well as increased total 
symptom report.  Results suggest a greater degree of severity of concussion in those 
student-athletes who report visual symptoms post-concussively in comparison to their 
non-visual-symptom reporting counterparts, both in terms of neurocognitive decline and 
increased post-concussive sequelae.  This phenomenon was detected across testing 
paradigms, suggesting a true relationship between visual symptoms and concussion 
severity and recovery trajectory, rather than a task-specific finding. The potential for 
symptom report, and specifically the report of visual problems post-concussively, to 
serve as a useful basic heuristic in return-to-play decision-making is promising.  
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CHAPTER 1: INTRODUCTION 
 
The assessment of cognitive sequelae following a sports-related concussion has 
become a burgeoning field of neuropsychological research within the last 25 years. Prior 
to the 1980’s, mild traumatic brain injury (mTBI) and more specifically, concussion, 
received little attention, as more moderate and severe brain injury dominated both the 
neurological and neuropsychological literature. In fact, psychiatric disturbance and 
malingering were initially considered more probable etiologies for slow recovery 
following mTBI (Bender, Barth, & Irby, 2004). During the 1980’s, a number of seminal 
studies shed light on the neurocognitive deficits often found in mTBI and sports-related 
concussion. One such study by Barth and colleagues at the University of Virginia 
examined the neurocognitive sequelae and recovery trajectories of concussive injuries in 
collegiate football players (Barth, Macciocchi, Boll, Giordani, & Rimel, 1983; Barth et 
al., 1989), elucidating a phenomenon that had until that time been largely overlooked. 
Sports-related concussion is now considered a growing public health concern within the 
medical and neuropsychological communities (Moser, 2007). 
The increased focus on sports-related concussion has been well-represented in the 
literature and has provided a breadth of information on the topic including the: 
development of a cohesive definition of concussion, development of concussion severity 
grading and return-to-play guidelines, incidence and prevalence rates of sports-related 
concussion, biomechanics and pathophysiology of concussion, assessment of sports-
related concussion, and the relationship between post-concussive symptoms and 
neurocognitive performance. Neuropsychological assessment is now considered the 
cornerstone of concussion evaluation, contributing both to understanding of the injury as 
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well as individual patient management. There has been a great deal of research conducted 
with the use of paper and pencil neuropsychological tests in sports-related concussions, 
which has provided a profusion of information regarding the cognitive sequelae 
following concussion and an understanding of the importance of providing comparisons 
of post-concussive data to baseline data. These contributions have been invaluable in 
establishing accurate recovery rates following injury as well as guiding return-to-play 
decision-making (Collins, Lovell, & McKeag, 1999; Echemendia, Putukian, Mackin, 
Julian, & Shoss, 2001).  
The assessment of sports-related concussion and the transition from pencil-and-
paper testing to computerized neurocognitive assessment of concussion is also well 
documented. The baseline and post-concussion assessment paradigm introduced by Barth 
and colleagues (1989) has been widely accepted as the preferred method of evaluation of 
concussion and has recently been endorsed by the National Academy of 
Neuropsychology (Moser et al., 2007). There is a growing body of literature on sports-
related concussion that examines the relationship between post-concussive 
symptomatology and neuropsychological performance on computer-based assessment 
measures. While this research has focused on the most common symptoms of concussion, 
there is little information on the relationship between less frequently reported visual 
disturbances and neuropsychological performance. The current investigation proposes to 
add to the current sports-concussion related research by examining the relationship 
between reported visual deficits and neuropsychological performance on computerized 
concussion assessment. 
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Incidence and Prevalence of Sports-Related Concussive Injuries 
Mild traumatic brain injuries (mTBI) or concussion represent approximately 90% 
of the estimated 1.5 - 2 million traumatic brain injuries reported annually (McCrea, Kelly, 
Randolph, Cisler, & Berger, 2002). Sports-related concussions represent approximately 
20% of these injuries within the United States; an estimated 300,000 sports-related 
concussions are reported each year (Thurman & Guerrero, 1999; Centers for Disease 
Control and Prevention (CDCP), 1997). Between 2% and 10% of all student-athletes are 
at risk for sustaining a concussion (Ruchinskas, Francis, & Barth, 1997). Erlanger, 
Kutner, Barth, and Barnes (1999) estimated 9% of all sports-related injuries to be 
concussions.  
Incidence and prevalence rates of concussion range from 3 to 24% of sports-
related injuries in high school and collegiate student-athletes (Cernich, Reeves, Sun, & 
Bleiberg, 2007). A comprehensive, three-year study of high school student-athletes 
conducted by Powell and Barber-Foss (1999) found that concussion accounted for 5.5% 
of all sports-related injuries. Approximately 63,000 sports-related concussions were 
reported annually, 60% of which were accounted for by football players.  At the 
collegiate level, Collins et al. (1999) reported that 34% of football players had 
experienced one concussion in their past, with 20% reporting a history of more than one 
concussion. Prevalence rates in high school student-athletes who participated in a variety 
of sports over numerous years have been estimated to be as high as 63 – 97% (Moser, 
Schatz, & Jordan, 2005; Moser and Schatz, 2002).  
Incidence rates are generally conservative and likely under-reported. For example, 
the CDCP statistics are based on incidents significant for loss of consciousness (LOC), 
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despite evidence that as many as 90% of concussions occur without LOC (Moser et al., 
2007; McCrea et al., 2003). Due to the complicated and variable presentation of 
individuals with concussion, under-diagnosis and lack of recognition of concussive 
symptomatology is not uncommon (Collins et al., 1999). Under-reporting also serves as 
another confounding variable in determining incidence rates. In a confidential survey 
administered to a sample of 1500 high school football players, McCrea, Hammeke, 
Olsen, Leo, and Guskiewicz (2004) found that nearly half of the sample acknowledged 
suffering a concussion and deliberately denying symptoms for fear of being prohibited 
from participation.  
Biomechanics and Pathophysiology of Concussion 
Sports-related concussions are most commonly the result of collisions with 
another student-athlete or an object in the field of play (e.g., goalpost, sideboard, or 
ground).  Hockey players, for example, often suffer concussion as a result of a blow to 
the head, face, or chin, secondary to either player-to-player or player-to-object collision 
(Biasca, Wirth, & Tegner, 2002). In football, tackling has been implicated as the primary 
cause of concussion (Bailes & Maroon, 1996). A six-year longitudinal study of National 
Football League players revealed that quarterbacks, wide receivers and players in the 
defensive secondary were most susceptible to concussive injury due to their increased 
risk of a facemask impact at an oblique angle (Pellman, Viano, Tucker, & Casson, 2003).  
Frequent heading of the ball by soccer players has also been implicated as a 
mechanism of injury (Webbe & Ochs, 2003; Jordan, Green, Galaty, Mendelbaum, & 
Jabour, 1996); however, this finding is controversial and the results of studies examining 
this phenomenon have been largely unable to strictly isolate ball-to-head contact from 
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other potential mechanisms of injury. For instance, soccer players who frequently use 
their head to guide the ball are at higher risk for mid-air collisions with other student-
athletes, which may obscure findings in such student-athletes. 
While there have been considerable advances in the understanding of the 
pathophysiology of cerebral concussion, the exact mechanisms of injury and source of 
physiological disturbance in the concussion phenomenon remains largely unclear. In a 
review of the literature on the neurophysiology of concussion, Shaw (2002) outlined five 
conflicting historical theories of concussion including the vascular hypothesis, reticular 
hypothesis, centripetal hypothesis, pontine cholinergic system hypothesis, and convulsive 
hypothesis. These diverse theories struggle to adequately account for both the subcortical 
and cortical post-concussive symptomatology. As Webbe (2006) summarized, review of 
these theories suggests two different mechanisms in concussion. “The most parsimonious 
mechanism for loss of consciousness is a brainstem or reticular mechanism. The 
immediacy of loss of consciousness, when it occurs, is more consistent with such a locus 
(p. 55).”  However, as post-traumatic amnesia is more commonly associated with cortical 
involvement, McCrory (2001) has suggested that there may be two distinct types of 
concussion: a “brainstem concussion” and a “cortical concussion.”  Given the divergent 
data on the physiological mechanisms of concussion, many aspects of the nature of 
concussion remain unclear; however, there is consensus on general aspects of the 
physiology of concussion, which is presented below. 
Cerebral concussion is a complex pathophysiological process affecting the brain, 
induced by traumatic biomechanical forces of either an acceleration-deceleration 
(translational or linear) or rotational (angular) nature (McCrory et al., 2004; Shaw, 2002).  
7
 
Acceleration-deceleration type injuries generally result in relatively focal effects 
(resulting in neuronal compression or neural stretching) attributable to damage to the 
surface area of the cerebrum directly beneath the impact point of the skull (coup injury). 
Potential injury to the area of the brain opposite the impact point, as a consequence of the 
brain rebounding within the skull (contrecoup injury) is also possible. The greatest risk of 
injury in acceleration-deceleration impact-type injury stems from the potential collision 
of the brain tissue with the bony protuberances of the skull, particularly those located at 
the undersurface of the frontal and temporal lobes (Webbe, 2006). Rotational injuries of 
the brain are the result of angular acceleration around the neuraxis that lead to neuronal 
shearing or tensile injuries (at the histological level) of white matter fiber tracts from the 
cerebral cortex to the midbrain and brainstem (Ommaya & Gennarelli, 1974). Recent 
studies examining helmet-to-helmet collisions of professional football players revealed 
that rotational acceleration injuries produced greatest shear stress (Pellman, Viano, 
Tucker, & Casson, 2003). 
The insults applied to the head during acceleration-deceleration injuries in 
concussion are considered either “impact” or “impulse” loading (Shaw, 2002).  Impact 
loading refers to a direct concussive blow to the head without penetration of the skull; 
impulse loading injuries involve an accelerative force which sets the head in motion 
without direct contact (e.g., whiplash injuries). Impact injuries typically produce more 
focal effects. Impulse loading is more commonly seen in rotational energy outputs and is 
less successfully prevented by protective headgear, which is better able to absorb impact-
loading forces (Bailes & Cantu, 2001). 
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Concussion is generally considered a metabolic rather than structural injury, as 
gross neuropathological changes are not consistently demonstrated (Giza & Hovda, 
2001). A concussive impact immediately causes an increase in blood pressure and a 
decrease in cerebral blood flow. These biochemical changes are thought to occur without 
microscopic axonal damage and include increased ionic fluctuation and glutamate 
production, as well as byproduct accumulation within the cell (Rees, 2003).  The primary 
mechanism of the neurotoxic cascade that follows concussion appears to be a glutamate-
induced activation of glycolysis due to cellular requirements to maintain ionic 
homeostasis (Rees, 2003).  
The disturbances of the cytoarchitecture in concussive injuries cause neuronal 
depolarization and breach of the normally voltage-dependent potassium channels, which 
allows for influx of sodium and calcium ions and increased extracellular concentration of 
potassium (Katayama, Becker, Tamura, & Hovda, 1990; Giza & Hovda, 2001). This 
effect on the axonal membranes has been demonstrated to last at least six hours post-
injury (Pettus, Christman, Giebel, & Polvishock, 1994). Paradoxically, this metabolic 
process leads to neuronal vulnerability in which there is a higher demand for glucose to 
correct and re-stabilize ionic movements, while at the same time a decrease in cerebral 
blood flow (thought to be attributable to Ca+ ionic movement) (Bailes & Cantu, 2001). In 
addition to the damage caused by irregular ionic activity and cerebral blood flow 
abnormality, secondary mechanisms of injury have been determined in animal models 
including lactate and nitric oxide accumulation, lipid peroxidation, mitochondrial 
swelling and damage, and apoptotic processes (Bullock, 1997; Okonkwo & Stone, 2003). 
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Definition and Concussion Severity Grading 
Researchers and practitioners alike have struggled to operationalize a clear 
definition of concussion (Kontos, Collins, & Russo, 2004). Historical evidence, including 
ancient medical reports and mythological tales, has revealed that the history of 
concussion and brain injury as a clinical entity dates back over two thousand years 
(Zillmer, Schneider, Tinker, & Kaminaris, 2006). The word concussion is thought to 
derive from the Latin concutere, meaning to “dash together” or “shake” (Oxford English 
Dictionary, 2005). Introduced in the 16th century, the term concussion is historically 
synonymous with the term commotion cerebri (Shaw, 2002).  
Until recently, the widely accepted definition of concussion was a traumatically-
induced alteration in mental status which may or may not involve a loss of consciousness 
(Kelly & Rosenberg, 1998; American Academy of Neurology, 1997). This definition 
focuses on the acute mental changes following injury, including confusion and memory 
loss, which are considered to be hallmark symptoms of concussion (Kontos, Collins, & 
Russo, 2004). Although this definition dispelled the previous view that a loss of 
consciousness was necessary to sustain a concussion, it lacked the specificity required to 
gain universal use. With this lack of clarity in mind, the Concussion in Sport Group 
(CISG) set out to provide a more detailed definition. The summary statement from the 
third International Symposium on Concussion in Sport reported the following definition: 
Concussion is defined as a complex pathophysiological process affecting the 
brain, induced by traumatic biomechanical forces. Several common features that 
incorporate clinical, pathological, and biomechanical injury constructs that may 
be used in defining the nature of a concussive head injury include: (1) Concussion 
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may be caused by a direct blow to the head, face, neck, or elsewhere on the body 
with an “impulsive” force transmitted to the head. (2) Concussion typically results 
in the rapid onset of short-lived impairment of neurological function that resolves 
spontaneously. (3) Concussion may result in neuropathological changes, but the 
acute clinical symptoms largely reflect a functional disturbance rather than a 
structural injury. (4) Concussion results in a graded set of clinical syndromes that 
may or may not involve loss of consciousness. Resolution of the clinical and 
cognitive symptoms typically follows a sequential course; however, it is 
important to note that, in a small percentage of cases, post-concussive symptoms 
may be prolonged. (5) No abnormality on standard structural studies is seen in 
concussion. (McCrory, Meeuwisse, Johnston, Dvorak, Aubry, Molloy, et al., 
2009). 
Beyond providing a detailed consensus definition of concussion, the CISG 
recommended that the field move away from the established grading systems of 
concussion (McCrory, Johnston, Meeuwisse, Aubry, Cantu, Dvorak, et al., 2004). There 
are as many as 17 disparate concussion management grading scales available including 
those published by Cantu, the Colorado Medical Society, and the American Academy of 
Neurology (AAN) (Harmon, 1999).  These guidelines (Table 1.) assign a numeric value 
(Grade 1, 2, and 3 respectively, correlating with distinctions of mild, moderate, and 
severe) to symptom severity, which correspond to return-to-play decision-making 
(McCrory, 1997).  
The grading scale presented by Cantu (1997) is based on a three-tier model with 
grade of concussion severity determined by the duration of loss of consciousness and the 
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length of post-traumatic amnesia.  Recommended return-to-play guidelines correlate with 
grade of concussion and advocate that an athlete be returned to play only after being 
asymptomatic for a standard period of time (duration based on grade of concussion). For 
example, Cantu suggests return-to-play from a Grade II concussion after a one-week 
period in which the athlete is asymptomatic. Notably, more conservative guidelines are 
provided if the player has experienced another concussion within the same season. The 
Colorado Medical Society (CMS) (1991) also suggests a three-tiered grading system for 
concussive injuries, based on the presence of confusion with and without amnesia and 
loss of consciousness. Return-to-play guidelines from the CMS are similar to Cantu’s 
guidelines based on the presence of symptomatology and length of amnesia. 
The AAN guidelines (1997) are based on their definition of concussion, which 
describes amnesia and confusion as hallmark symptoms. Again based on a three-tier 
model, the levels are: Grade 1, which includes transient confusion, no LOC, and 
concussion symptoms that resolve in less than 15 minutes; Grade 2, which includes 
transient confusion, no LOC, and concussion symptoms that last more than 15 minutes; 
and Grade 3, which is diagnosed if there is any LOC (regardless of length). The return-to-
play guidelines are also based on the presence and duration of symptoms, suggesting 
return-to-play if there are no symptoms of mental status changes following 15 minutes 
(Grade 1), one week (Grade 2 or brief LOC Grade 3), or two weeks (following prolonged 
LOC). 
These guidelines largely rely on LOC as an on-field predictor of concussion. 
Recent evidence, however, indicates that LOC is not considered a valid predictor of post-
concussive symptomatology (Collins et al., 1999; Lovell et al., 1999). Moreover, all of 
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the currently available grading scales are anecdotal in nature and based on expert 
consensus rather than empirical data (Kontos, Collins, & Russo, 2004).  
In exchange for the traditional grading systems associated with concussion, the 
CISG originally proposed classification of concussion as either simple or complex. 
Within this classification system, the CISG (McCrory et al., 2004) considered the 
characteristic feature of simple concussion as an injury that progressively resolved within 
7-10 days without the need for specific intervention beyond rest. Conversely, complex 
concussion presented with “persistent symptoms (including persistent symptom 
recurrence with exertion), specific sequelae (such as concussive convulsions), prolonged 
loss of consciousness (more than one minute), or prolonged cognitive impairment after 
the injury (p. 197).” Additionally, individuals with a history of concussion could be 
classified as having experienced a complex concussion on the basis of their concussion 
history.  
The introduction of this binary system was well-supported by the majority of 
evidence within the literature which suggested typical resolution of symptoms within 
seven days post-injury (Lovell et al., 2003; McCrea et al., 2003; Macciocchi, Barth, 
Alves, Rimel, & Jane, 1996). However, the new grading system brought significant 
controversy (Shuttleworth-Edwards, 2008; McCrory et al., 2009) due to the lack of 
clarity the new terminology provided and it was recently abandoned. Given the 
variability of post-concussion symptomatology and the unreliability of traditional (LOC 
based) grading scales, neuropsychological testing is now considered the foundation of 
assessment for concussion (Aubry et al., 2002). 
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Risk Factors and Confounding Variables of Sports-Related Concussions 
Numerous risk factors and confounding variables have been identified as potential 
contributors to the extent of injury and trajectory of recovery in relation to sports-related 
concussive injuries. Of these risk factors, identification and recognition of gender 
differences and history of previous concussion are particularly important when examining 
neurocognitive outcome measures as well as in the clinical provision of care. 
Sex-based Differences 
Significant sex-based differences in concussion incidence, symptom severity, 
symptom constellation, and duration of post-concussive symptomatology have been well 
identified within the literature (Brooks, 2004; Powell & Barber-Foss, 1999). Female 
student-athletes appear to experience a greater number of concussions (both in raw 
number and per game ratio) during collegiate contests (Covassin, Swanik, & Sachs, 
2003). Research suggests that women have a greater likelihood of post-concussion 
syndrome one month following a concussive event (Bazarian, Wong, Harris, Leahey, 
Mookerjee, & Dombovy, 1999), a greater incidence of depression following concussion 
(Fenton, McClellan, Montgomery, MacFlynn, & Rutherford, 1993), and a greater number 
of persisting symptoms one-year post-injury.  Women are also at increased risk of post-
concussive headache (Brooks, 2004). 
Beyond epidemiological and symptomatological concerns, women appear to 
demonstrate differential cognitive disruption following concussive injury. In an 
examination of 155 concussed high school and collegiate student-athletes, Broshek, 
Kaushik, Freeman, Erlanger, Webbe, and Barth (2005) reported a more severe decline in 
simple and complex reaction time in females relative to preseason baseline testing. In 
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comparison to their male counterparts, females demonstrated both a greater degree of 
neurocognitive decline from baseline testing as well as an increased incidence of 
impaired cognitive performance.  
History of Previous Concussion 
There is an accruing body of evidence that suggests that concussion history serves 
as a significant risk factor for concussive injury. Beyond increasing the likelihood of a 
future concussion (Guskiewicz et al., 2003), individuals with a significant concussion 
history (most robustly defined as a history of three or more concussions) tend to report a 
higher number of subjective symptoms (Iverson, Gaetz, Lovell, & Collins, 2004) and are 
more likely to demonstrate a protracted recovery trajectory (Guskiewicz et al., 2003). 
Studies also indicate that such individuals are likely to experience worse on-field 
presentations at the time of their next concussion (Collins, Lovell, Iverson, Cantu, 
Maroon, & Field, 2002). 
Student-athletes with a significant concussion history are more likely to 
demonstrate greater acute declines in memory abilities, executive functioning, and 
information processing speed (Iverson, Gaetz, Lovell, & Collins, 2004; Collins et al., 
1999) and are more likely to experience long-term decline in neuropsychological test 
performance. Multiple concussive injuries have been associated with a decline in grade 
point averages in high school student-student-athletes (Moser & Schatz, 2002). Some 
researchers have also suggested that cumulative effects of concussion can demonstrate 
long-term neurophysiological changes (Gaetz, Goodman, & Weinberg, 2000). 
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Assessment of Sports-Related Concussion 
Sideline assessment of concussion 
Similar to the need for immediate evaluation of moderate and severe traumatic 
brain injuries using coma scales, the immediate sideline assessment of sports-related 
concussion is vital for the athletic training staff in order to aid diagnosis and assess 
severity of sports-related concussion. Given the variable presentation of concussion, 
standardized screening instruments have been developed in an effort to reduce the 
“guesswork” that the sports medicine team is often faced with during the assessment of 
sports-related concussion (McCrea, 2001). Researchers creating measures utilized as 
sideline assessment tools have focused on the development of brief, standardized 
measures evaluating neurocognitive status, postural stability, and post-concussive 
symptoms (McCrea, Kelly, Randolph, Cisler, & Berger, 2002; Reimann, Guskiewicz, & 
Shields, 1999; Kutner, Relkin, Barth, Barnes, Warren, & O’Brien, 1998). McCrea and 
colleagues (2001) have highlighted the value of these instruments in illustrating the acute 
effects of injury and creating an index of severity against which to track recovery. 
The most commonly used measure of this type is the Standardized Assessment of 
Concussion (SAC) developed by McCrea and colleagues (McCrea, Kelly, Kluge, Ackley, 
& Randolph, 1998). The SAC was developed in order to provide clinicians a standardized 
method of immediate on-site concussion assessment that could serve to supplement later 
neurocognitive assessment as well as provide a gross measure to track recovery 
trajectories (McCrea, 2001). The SAC is a screening instrument that assesses orientation, 
concentration, and immediate and delayed recall. The measure also includes a short 
neurological screen examining loss of consciousness, amnesia (retrograde and post-
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traumatic), strength, sensation, and coordination. The SAC is well-suited for sideline 
assessment; the measure can be administered by individuals without previous knowledge 
of psychometric testing, administration (administration time of approximately five 
minutes) and scoring is rapid and simple, and the provision of alternate forms allow for 
follow-up assessment and basic recovery monitoring (McCrea, 2001; McKeever & 
Schatz, 2003). More recently Erlanger, Feldman, and Kutner (1999) have developed the 
eSAC, an electronic version of the SAC, further advancing the SAC’s ease of use. 
Validity studies of the SAC have reported 95% sensitivity and 76% sensitivity in 
accurately classifying concussed from non-concussed student-athletes (McCrea, 2001). 
Concussed student-athletes demonstrate significant deficits in immediate memory and 
delayed recall when compared to individual baseline data (McCrea et al., 1998). 
However, the researchers responsible for the development of such measures emphasize 
that these sideline assessment tools can serve only as a gross measure of neurocognitive 
functioning following concussion.  
Baseline and serial neurocognitive assessment of concussion 
Sports-related concussion by nature presents with variable recovery windows and 
subtle neurocognitive deficits that often require more sophisticated and comprehensive 
measurement in order to adequately manage sports-related concussion. Accurate 
assessment of concussion helps guide return-to-play decisions and reduces the risks of 
recurrent injury, cumulative neuropsychological impairment, and potentially catastrophic 
outcome (e.g., Second Impact Syndrome) associated with sports-related concussion. 
Neurocognitive assessment is considered a crucial element of the concussion 
assessment battery as it provides the clinician with the greatest amount of information 
17
 
during the evaluation process. There is an abundance of evidence within the literature 
detailing the numerous cognitive domains vulnerable to compromise following sports-
related concussion. Decreases in psychomotor speed, attention and concentration, 
working memory, mental set shifting, information processing speed, reaction time, 
executive functioning, and memory have been well-documented (Echemendia, Putukian, 
Mackin, Julian, & Schoss, 2001; Iverson, Lovell, & Collins, 2005; Erlanger et al., 2003; 
Collins et al., 1999; Barth et al., 1989; Hinton-Bayre, Geffen, Geffen, McFarland, & 
Friis, 1999; Erlanger, Kutner, Barth, & Barnes, 1999). Assessment is crucial in guiding 
return-to-play decisions as cognitive impairment following concussion has been reported 
to last 7-10 days post-injury (Lovell et al., 2003; Macciocchi, Barth, Alves, Rimel, & 
Jane, 1996). 
A recent meta-analysis conducted by Belanger and Vanderploeg (2005) examined 
the impact of sports-related concussion across six cognitive domains including 
orientation, attention, executive functioning, memory acquisition, delayed memory, and 
global cognitive ability. The researchers reviewed 21 studies and 790 reported 
concussions. Results revealed that delayed memory (d=1.00), memory acquisition 
(d=1.03), and global cognitive functioning (d=1.42) were most sensitive to the immediate 
effects of concussion. Additional results revealed that the majority of neurocognitive 
deficits measured resolved within seven days. An exception was noted in intra-individual 
results on tests of delayed memory (when baseline and serial post-concussion data were 
available), which remained significant beyond the seven-day interval. 
Traditional neuropsychological assessment of concussion employs paper-and-
pencil measures. Generally paper-and-pencil assessments are quite time-consuming and 
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require trained, on-call clinical professionals for proper administration and evaluation 
(Collins & Hawn, 2002). While a comprehensive battery may take several hours to 
administer, there have been several brief batteries developed for specific use in sports 
medicine. One such battery utilized by McCrea and colleagues (2005) included the 
Hopkins Verbal Learning Test, Trail Making Test Parts A & B, the Symbol Digit 
Modalities Test, the Stroop Color Word Test, and the Controlled Oral Word Association 
Test. While considered a standard traditional battery for concussion, when administered 
two days post-injury this battery demonstrated only 23% sensitivity to concussion.  
The current standard of care for at-risk populations requires pre-participation 
baseline assessment and post-injury interval assessment of cognitive functioning in order 
to track recovery by comparison to the individual’s baseline cognitive functioning. 
Introduced in the 1980’s by Barth and colleagues in the aforementioned Virginia football 
studies (1989), the data collected in these landmark studies were integral in elucidating 
mild cognitive symptoms of concussion and assisting in return-to-play decisions for 
student-athletes (e.g., Barth et al., 1989; Collins et al., 1999; Wilberger, 1993). 
Additionally, Barth and colleagues were the first to collect baseline comparison data, 
which Lovell and Collins (2001) assert is the most effective use of neuropsychological 
testing in sports-related concussion assessment and management. This gave researchers 
and practitioners the ability to compare individuals to themselves (post-concussion versus 
baseline neuropsychological data) rather than solely to normative data, a revolutionary 
improvement within the field. 
Endorsed by the National Academy of Neuropsychology (Moser et al., 2007), this 
testing paradigm allows for primary knowledge of an individual’s cognitive strengths and 
19
 
weaknesses and helps in determining whether post-injury deficit is related to the injury 
versus a pre-morbid weakness (Bernhardt, 2000). Now routinely implemented at the high 
school, collegiate, and professional level (Cernich et al., 2007), the use of baseline and 
serial post-concussion testing offers a comprehensive approach to sports-related 
concussion management and helps to ensure that athletes are cognitively fit to return-to-
play (McKeever & Schatz, 2003).  
Computerized assessment of concussion 
In order to combat the difficulties that arise with standard paper-and-pencil 
neuropsychological assessment of concussion, several computerized neuropsychological 
assessment and symptom evaluation systems have been developed including the 
Automated Neuropsychological Assessment Metrics sports medicine battery (ANAM-
SMB, ASMB), CogSport, the Concussion Resolution Index (CRI) (developed by 
Headminders, Inc.), and the Immediate Post Concussion Assessment and Cognitive 
Testing (ImPACT).  
Schatz and colleagues (Schatz & Zillmer, 2003; Schatz & Browndyke, 2002) have 
described numerous benefits to computerized neuropsychological assessment for both the 
examiner and patient. Advantages to the examinee include a stronger likelihood of 
engaging and maintaining interest, minimization of frustration and embarrassment (on 
well-constructed and presented tasks), and a greater sense of control when completing 
tasks. Benefits to the examiner include greater ease of administration, superior ease of 
normative data collection and comparison, more efficient task completion, automation of 
data collection, and an increase in the precision of measurement in response latencies that 
is not possible by the human examiner (e.g., measuring reaction time in milliseconds). 
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These evaluation tools also provide the ability to conduct quick and efficient baseline 
testing of large groups. Further, computerized administration of neuropsychological tests 
allows for increased reliability and standardization due to strict control over the 
presentation of stimuli.  It also demonstrates increased reliability by minimizing practice 
effects and it provides greater sensitivity in outcome measures (Lovell & Collins, 2001; 
Collins, 2001).  
In an examination of the concurrent validity of computerized and traditional 
paper-and-pencil reaction time measures evaluating concussed student-athletes, Blieberg, 
Halpern, Reeves, & Daniel (1998) reported that computerized reaction time measures on 
the ASMB demonstrated greater sensitivity and subsequently implicated longer intervals 
of impairment compared to traditional testing instruments that were not sensitive enough 
to detect subtle changes within the cohort, a finding that has clear implications for 
returning student-athletes to participation. Practically, computerized neuropsychological 
batteries are also able to measure an increased number of cognitive domains in a 
relatively shorter period of time and allow for immediate interpretation by the sports 
medicine team. 
Automated Neuropsychological Assessment Metrics sports medicine battery (ASMB) 
The Automated Neuropsychological Assessment Metrics (ANAM) was first 
introduced by the US Department of Defense for use in military research to examine the 
cognitive effects of diverse stressors on soldiers, including the monitoring of cognitive 
status in exotic environments (e.g., 30-day undersea missions), measuring the effects of 
fatigue during Desert Storm bomber missions, and evaluating the effects of being 
wounded with depleted uranium bullets (Levinsons & Reeves, 1997). It has since evolved 
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as a neurocognitive battery used in the assessment of sports-related concussions. Tasks of 
the sports-medicine battery include: simple reaction time, code substitution – immediate 
and delayed, continuous performance test, mathematical processing, matching to sample, 
spatial processing, Sternberg memory procedure, and procedural reaction time (Cernich 
et al., 2007). The ASMB has demonstrated adequate concurrent validity with traditional 
neuropsychological measures including the HVLT, COWAT, Digit Symbol Coding, 
Symbol Search, and post-concussive symptoms (Woodard, Bub, & Hunter, 2002). ASMB 
also demonstrates moderate test-rest reliability and internal consistency (Bleiberg, 
Cernich, & Reeves, 2006). Preliminary sensitivity and specificity findings have revealed 
adequate sensitivity, but significant questions remain regarding practice effects and the 
utilization of accurate reliable-change indices (Cernich et al., 2007). 
CogSport 
CogSport is a testing battery developed by CogState (1999) measuring 
psychomotor function, speed of processing, visual attention, vigilance, and verbal and 
visual learning and memory. The battery employs a series of “card games” to examine 
cognitive functioning:  Simple Reaction Time, Complex Reaction Time, One-Back and 
Continuous Learning. Originally validated on a group of Australian-rules football players 
and normal healthy controls, the CogSport measures of psychomotor function, decision-
making, working memory, and learning were highly reliable and correlated well with 
traditional paper-and pencil assessment tools commonly associated with the evaluation of 
concussion (Collie, Maruff, Makdissi, McCrory, McStephen, & Darby, 2003; Makdissi et 
al., 2001). 
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Concussion Resolution Index (CRI) 
The CRI, developed by Headminder, Inc. (Erlanger, Feldman, & Kutner, 1999; 
Erlanger et al., 2003) is designed to measure simple and complex reaction time, visual 
scanning, and psychomotor speed. It is comprised of six subtests: Reaction Time, Cued 
Reaction Time, Visual Recognition 1, Visual Recognition 2, Animal Decoding, and 
Symbol Scanning. In addition to cognitive testing, the CRI collects demographic 
information, medical history, concussion history, and symptom report. The CRI also 
integrates a symptom validity measure to protect against chance responding or 
significantly deficient baseline performance; if this is detected, the CRI is re-
administered. 
 The CRI was the first sports-related concussion computerized assessment tool to 
offer a computer platform-independent program administered by means of an Internet 
browser (McKeever & Schatz, 2003). This option allows for greater ease of 
administration and data management and the ability to test remotely without constraints 
of a computer laboratory or office. Another practical benefit is the provision of 
straightforward and unambiguous data output for athletic training staff based on a 
stoplight archetype; red advocates removal from play and exertion, yellow urges the 
exercise of caution in return-to-play decisions, and green indicates that there are no 
significant cognitive differences from baseline performance. While this method may 
oversimplify the intricacies in the neurocognitive effects of concussion, it provides 
athletic trainers with a cogent first step in the development of a treatment plan. 
The CRI has been found to be a valid and reliable method of identifying changes 
in psychomotor speed and processing speed subsequent to sports-related concussion. In 
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two studies examining the sensitivity of the CRI in detecting change between baseline 
and post concussive assessment, 77-78.6% sensitivity to concussion was demonstrated 
(Erlanger et al., 2003; Broglio, Macciocchi, & Ferrara, 2007). High test sensitivity is 
crucial in the assessment of concussion as Type II errors can lead to premature return-to-
play and potential long-term neurocognitive detriment. 
Immediate Post Concussion Assessment and Cognitive Testing (ImPACT) 
The ImPACT test battery evaluates multiple aspects of neurocognitive 
functioning including post-concussion symptoms, attention, memory, visual motor speed, 
and reaction time (Table 3.). The test is comprised of six test modules (described in detail 
shortly) that can be administered within a 20-minute time frame. In addition, a post- 
concussion symptom checklist and retrieval of demographic information are incorporated 
into the testing battery. The ImPACT test developers have also recently introduced an on-
line version of the neurocognitive assessment, enhancing the ease of use of the 
assessment tool. 
Lovell and colleagues (2001) reported that reliability studies evaluating the test-
retest reliability on ImPACT indicated good test consistency with test-retest correlation 
coefficients ranging from 0.66 to 0.85 between test sessions 1-2, 2-3, and 3-4. Test-retest 
correlations for the processing speed and reaction indices over the same testing sessions 
ranged between 0.75 to 0.88 and 0.62 to 0.66 respectively. An examination of the 
diagnostic utility of the Composite Scores and the Post Concussion Symptom Checklist 
of the ImPACT in a group of 72 concussed student-athletes and 66 non-concussed 
student-athletes (Schatz, Pardini, Lovell, Collins, & Podell, 2006) revealed sensitivity of 
81.9% and specificity of 89.4%. Other studies have revealed similar sensitivity (79.2%) 
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of the ImPACT to concussion-related cognitive deficits (Broglio, Macciocchi, & Ferrara, 
2007). 
Examination of the construct validity of the ImPACT program revealed highly 
significant correlations (r = .85) between the Brief Visual Memory Test (BVMT) 
Delayed Recall Score for both (verbal and visual) Memory Composites of the ImPACT. 
Additionally, Trail Making Test - Parts A (r = -.49) and B (r = -.60) were both 
significantly correlated with the Processing Speed Composite of ImPACT. The Symbol 
Digit Modalities Test (SDMT) was significantly correlated with all four performance 
based composite scores of the ImPACT (Iverson, Franzen, Lovell, & Collins, 2003). Both 
convergent and divergent validity were present, with the Memory Composites of the 
ImPACT correlating with traditional memory measures and demonstrating no correlation 
with traditional processing speed measures.  Similar results demonstrating convergent 
and divergent validity were present when examining the Visual Motor Speed and 
Reaction Time Composites. Iverson, Lovell, and Collins (2005) replicated the high 
correlation between the SDMT and the Visual Motor Speed and Reaction Time 
Composites of ImPACT. Further exploratory factor analysis revealed a two-factor 
solution defined as Speed/Reaction Time and Memory. 
Relationship between symptoms and neurocognitive performance 
Clinical symptomatology of concussion is dependent on both the biomechanical 
aspects of the injury as well as the specifically affected brain structures (Collins & Hawn, 
2002). Given the complexity of the brain, a myriad of symptoms is possible (Table 2.; 
Lovell & Collins, 1998). The most commonly produced constellation of symptoms of 
concussion includes headache, followed by fatigue, feeling slowed down, drowsiness, 
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and cognitive problems (Fazio, Lovell, Pardini, & Collins, 2007). Headache is the most 
frequently reported post-injury symptom, ranging in incidence from 40 – 86% 
(Guskiewicz et al., 2003). Dizziness, confusion, nausea, memory disturbance, “mental 
fogginess,” attention and concentration difficulties, sleep disturbance, and irritability are 
also commonly reported (Iverson, Gaetz, Lovell, & Collins, 2004; Erlanger et al., 2003; 
Moser et al., 2007).  
Many studies indicate that symptom presentation varies depending upon the 
severity of injury. In a comparison of concussed student-athletes with either “good” or 
“poor” outcomes, Collins and colleagues (2003) reported that athletes with persistently 
high subjective symptom report and memory deficit were ten times more likely to have 
experienced on-field predictors of increased concussion severity (disorientation, LOC, 
retrograde amnesia, and post-traumatic amnesia). Another study (Erlanger et al., 2003) 
examined a group of 47 student-athletes post-concussively and found that subjective 
report of nausea and dizziness was a significant predictor of severity of injury 
immediately following concussive injury. In addition, subjective self-report of symptoms 
was predictive of overall duration of symptoms. 
Recent investigations of post-concussive symptomatology have begun to examine 
the relationship between post-injury symptoms and neurocognitive performance on 
neuropsychological assessment measures. In an investigation of the relationship between 
post-concussive headache and neurocognitive performance (as measured by ImPACT 
composite scores), Collins et al. (2003) determined that student-athletes reporting post-
concussive headache experienced a significantly greater number of post-concussive 
symptoms when compared to concussed student-athletes who reported no headache; 
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further, the student-athletes who reported post-concussive headache demonstrated 
significantly slower reaction times (0.80 effect size) and reduced memory performance 
(0.60 effect size). In a similar investigation examining the relationship between 
subjective “fogginess” and neurocognitive performance, Iverson, Gaetz, Lovell, and 
Collins (2004) reported that student-athletes who reported persistent “fogginess” 
experienced significantly more post-concussive symptoms compared to their concussed, 
non-“foggy” counterparts; in addition, the student-athletes who reported post-concussive 
subjective “fogginess” demonstrated significantly slower reaction times (effect size 1.0), 
memory performance (effect size 0.97), and processing speed (effect size 0.79).  
The medium to large effect sizes of these results suggest the need for further 
examination into the potential relationship between subjective post-concussive sequelae 
and neurocognitive performance. The authors of these studies have suggested that these 
findings raise additional questions as to whether post-concussive symptom report could 
serve as a basic heuristic for clinicians in determining return-to-play guidelines (Collins 
et al., 2003; Iverson et al., 2004). 
Visual Disturbance following TBI 
Visual symptomatology has been documented in mTBI and concussion. A recent 
validation study of the Post-Concussion Scale revealed that within a cohort of 260 
concussed student-athletes, 18.4% reported mild visual problems (defined as blurred 
vision or diplopia), 8.8% reported moderate visual problems, and 2.3% reported severe 
visual problems (Lovell et al., 2006). However, visual disturbance has received little 
attention within the sports-related concussion literature.  
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A recent retrospective study examining oculomotor dysfunction following 
acquired brain injury (which included both TBI and cerebrovascular accident) reported 
that approximately 90% of TBI patients manifested some type of oculomotor 
dysfunction, defined as problems with accommodation, version, vergence, strabismus, 
and/or cranial nerve palsy (Ciuffreda, Kapoor, Rutner, Suchoff, Han, & Craig, 2007). 
Individuals with TBI were noted to experience greatest difficulty with accommodation 
and vergence, most commonly accommodative insufficiency (41.1%) and convergence 
insufficiency (36.7%).  
Despite the frequency of ocular dysfunction in TBI, often visual deficits are not 
related to ocular injuries but rather the inability of the brain to adequately control the eye 
or appropriately receive and interpret visual signals (Riggs et al., 2007). The estimated 
incidence of neurological vision impairment following moderate to severe traumatic brain 
injury ranges from approximately 30 to 50% (Clarke, 2005; Riggs, Andrew, Roberts, & 
Gilewski, 2007). The most common visual consequence of acquired brain injury involves 
visual field deficits (74.6%); however, impairments in spatial contrast sensitivity/visual 
acuity (26%) and visual space perception and attention (30-50%) are also relatively 
common (Zihl, 1994). Visual neglect (23%), a loss of color vision (6.5%), visual object 
agnosia, prosapagnosia, and Balint’s Syndrome (5%) are less commonly reported. 
Visual Processing Within the Brain 
The visual cortex is one of the largest, most complex and delicate systems within 
the brain. Approximately 25% of the cortex is devoted to visual-perceptual processing, 
occupying more cortical territory than any of the other senses (Zillmer & Spiers, 2001). 
Zihl (2003) describes the posterior brain as “a patchwork of probably more than 30 
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functionally specialized visual areas with flexible networks to subserve complex visual 
abilities” (pp. 319).  However, despite the flexibility of the visual system and the 
hierarchical interactions and integration of these component areas, selective visual 
disorders are extremely rare as focal brain injury is typically not limited to a single visual 
cortical area, particularly when considering mTBI and the commonly diffuse nature of 
injury. Individuals typically show a combination of visual deficits depending on site and 
extent of injury (Zihl, 2003).  
Higher streams of visual processing are well-differentiated anatomically within 
the brain. The ventral processing stream (connects regions from the occipital lobes to the 
temporal lobes), commonly described as the “what” system, relates primarily to object 
recognition while the dorsal processing stream (contains interconnected regions from the 
occipital lobes to the parietal lobes), the “where” system, involves object localization 
(Mishkin, Ungerledier, & Macko, 1983). These streams are coordinated primarily 
through the lateral geniculate nucleus of the thalamus, which receives information from 
the retina and sends projections to the primary visual cortex (striate cortex, Brodmann 
area 17).  
Selective attention to specific attributes of visual stimuli (e.g., color, motion, 
shape, spatial location) also appears to be mediated, in some measure, by the same area of 
the extrastriate cortex that is activated during perceptual processing of these elements. 
Positive Emission Tomography (PET) imaging of individuals whose attention was 
manipulated to different aspects of a visual display (Haxby et al., 1993; Corbetta, Miezin, 
Dobmeyer, & Shulman, 1991) revealed similar activation patterns for tasks involving 
both selective attention and perceptual processing, suggesting that selective attention of 
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visual stimuli may be mediated by the neural systems that process that type of 
information. These studies also demonstrated this effect when individuals shifted 
attention to different spatial locations. Results of these studies revealed similar activation 
patterns within the occipitoparietal and frontal areas associated with the perception of 
spatial location. 
Visual Deficits following Brain Injury  
 
Visual deficits that are the result of injury can be directly linked to the functional 
organization of the visual processing system.  Occipitotemporal injuries typically affect 
the processing and consequent perception of the “what” properties (e.g., color, shape) of 
visual stimuli and thus impair visual identification and recognition. Occipitoparietal 
injuries affect the processing and perception of the “where” properties (e.g., spatial 
relationships, spatial position in space) and can damage both visual guidance of 
oculomotor and hand-motor activities and visual navigation (Ungerlieder & Haxby, 
1998). Injury to the retrogeniculate visual pathway including the striate cortex can lead to 
visual field disorders, as well as problems with spatial contrast sensitivity (blurred 
vision), visual acuity, and visual adaptation (Zihl, 2003).  
Visual field deficits are the most commonly reported deficits following traumatic 
brain injury. Homonymous hemianopia, partial blindness in the same visual field for each 
eye, is the most frequent type of field loss (65%). Selective hemianopias have also been 
identified including those specific to color (Paulson, Galetta, Grossman, & Alavi, 1994), 
form (Frassinetti, Nichelli, & di Pellegrino, 1999), and movement (Schenk & Zihl, 1997), 
demonstrating the representation of visual fields beyond the striate cortex in the 
extrastriate visual cortical areas for stimulus dimensions beyond light vision (Zihl, 2003). 
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Spatial contrast sensitivity and visual acuity can be impaired following uni- or bilateral 
retrogeniculate damage (Hess, Zihl, Pointer, & Schmidt, 1990) but most distinct loss in 
visual acuity comes secondary to bilateral injury (Frisen, 1980). Deficits in visual spatial 
attention result in the loss of visual perception dependent upon the hemisphere involved, 
leading to unilateral or bilateral visual inattention (Zihl, 2003).  
Numerous studies examining visual attention in patients with moderate to severe 
traumatic brain injury have revealed deficits in focused and sustained visual attention 
(Godefroy, Lhullier, & Rousseaux, 1996; Whyte, Polanksy, Fleming, Coslett, & 
Cavalucci, 1995). Recently, an interesting study (Chau et al., 2007) examined 
magnetoencephalographic (MEG) signals on visual-feature matching tasks in TBI 
patients versus healthy controls. Results revealed an increase in gamma synchronization 
in the visual cortex of TBI patients, which the authors suggest “reflect the extra effort that 
the patients used to compensate for inefficient sensory processing due to the disruption of 
cortical network by their injury” (p. 408).  While no significant group difference was 
detected on performance of the task (e.g., reaction time, accuracy), oscillatory brain 
activities differed between the TBI and non-TBI group.  
Post-Trauma Vision Syndrome 
 
Given the relative frequency of vision problems following neurological injury, 
Padula and colleagues (Padula, Argyris, & Ray, 1994; Padula & Argyris, 1996) have 
identified a post-traumatic syndrome that commonly follows neurological insult 
secondary to TBI or cerebrovascular accident (CVA). Building upon the theories of focal 
versus ambient visual processes developed by Trevarthen and Sperry (1973), the authors 
describe Post-Trauma Vision Syndrome (PTVS) as a constellation of symptoms including 
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diplopia, blurred vision, headache, and photophobia. Trevarthen and Sperry (1973) 
described the visual system as comprised of two separate processes, a focal and ambient 
process. The focal process is responsible for central visual functioning (foveal vision), 
predominantly focusing on visual detail. The ambient process, conversely, is responsible 
for visuospatial orientation.  
Padula and Argyris (1996) postulated that the resultant visual deficits following 
traumatic injury stem from insult to the sensory-motor feedback loop and more 
specifically the ambient visual system rather than a specific oculomotor deficit. In a study 
aimed at evaluating this hypothesis, researchers (Padula, Argyris, & Ray, 1996) 
compared Visual Evoked Potential (VEP) findings in a TBI sample and control sample 
utilizing a full field binocular stimulation task common to optometry studies. Results 
revealed a significant increase in the VEP amplitude of the experimental group when 
base-in prisms and bi-nasal occluders (visual rehabilitation tools used in treating 
binocular dysfunction) were introduced before both eyes, suggesting some extent of 
compromise to the binocular extrastriate cortical cells.  
Proposed Investigation 
A current trend within the sports-related concussion research community is 
focused on the investigation of the relationship between post-concussive symptomatology 
and neurocognitive performance. The potential for symptom report to serve as a useful 
heuristic in return-to-play decision-making is promising. The current investigation 
proposed to expand upon this literature by examining the relationship between reported 
visual disturbance and neurocognitive functioning on computerized neuropsychological 
assessment batteries in collegiate student-athletes. This investigation sought to examine 
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the clinical validity of employing computerized neuropsychological batteries when 
testing student-athletes who report a significantly elevated level of visual disturbance as 
post-concussive symptoms. Computerized assessment inherently loads heavily on visual 
processes and visual attention and, theoretically, student-athletes reporting visual 
disturbance may perform differently than their “non-visually impaired” counterparts on 
neurocognitive computerized assessment due to these demands.  
Other common symptoms of concussion (headache, subjective “fogginess”) have 
demonstrated a relationship to post-injury neurocognitive performance (Collin et al., 
2003; Iverson, Gaetz, Lovell, & Collins, 2004); these results warrant further investigation 
into the relationship between post-concussive symptoms and neurocognitive 
performance. Further, the constellation of symptoms identified as characteristic of Post-
Trauma Vision Syndrome overlap significantly with those frequently observed following 
concussion and in Post-Concussion Syndrome. The current examination sought to 
explore this overlap in regard to symptom report and examine the possibility of a subset 
of concussed student-athletes who predominantly report those symptoms associated with 
PTVS (vision impairment, headache, and photophobia). The current literature is sparse on 
this topic, and to the author’s knowledge, this examination was among the first of its 
kind. 
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CHAPTER 2: METHODS 
 
The current study is an analysis of data collected utilizing two concussion 
assessment paradigms, ImPACT and the CRI. The ImPACT data were collected between 
2003 and 2005 at five large Northeastern universities. The CRI data were collected as 
part of the clinical Concussion Management Program at Drexel University from 2006 to 
2009. Patient files of persons deemed to have sustained a concussion were reviewed and 
those cases satisfying inclusion and exclusion criteria were included in the investigation. 
The current review was approved by the Institutional Review Board of Drexel University. 
Participants 
ImPACT Testing Protocol 
Student-athletes were collegiate student-athletes from Drexel University, Temple 
University, Saint Joseph's University, Rutgers University, and the University of Delaware 
competing between 2003 and 2005. Student-athletes in this cohort participated in the 
following sports: soccer, wrestling, gymnastics, lacrosse, baseball, basketball, softball, 
football, field hockey, cheerleading, crew, and volleyball. A total of 62 student-athletes 
who met inclusion criteria for the study sustained concussions during the two-year 
period.  Inclusion criteria included student-athletes who had completed valid pre-season 
baseline testing as well as a post-concussive evaluation within 72 hours of concussive 
injury and again within 72 - 144 hours of concussive injury. Concussion diagnosis was 
standardized using the SAC. A student-athlete was considered “concussed” if he or she 
met SAC criteria as administered by certified athletic trainers, met Grade 2 concussion 
criteria (AAN Guidelines), or experienced any loss of consciousness. 
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Exclusion criteria included a baseline impulse control score greater than 20 and/or 
a history of three or more previous concussions. A large number on the impulse control 
composite index (>20) typically indicates errors in the approach to the test, such as 
misinterpreted directions or a careless response style resulting in potentially unreliable 
data. Extensive concussion history, defined as three or more previous concussions, has 
been identified as a risk factor for protracted recovery curves and increased severity of 
concussion (Lovell et al., 2003). The presence of visual symptoms at baseline testing also 
served as an exclusionary criterion in an attempt to avoid potential confounds.  
Visual symptom report (VSR) student-athletes were defined by subjective self-
report on a seven-point Likert scale with a score of “0” representing “Not Currently 
Experiencing This Symptom.”  The remaining six scores were aligned on a continuum 
where “1” was equivalent to “Minor” symptom presence and “6” which represented 
“Severe” symptom presence. Given the low base rate of reported visual symptoms, 
student-athletes were classified as VSR student-athletes if they reported any degree of 
visual symptomatology (scores of “1” (minor) through “6” (severe) on the Likert scale).  
CRI 
Participants tested using the CRI testing battery included student-athletes who 
have participated in contact sports at Drexel University beginning in the 2005-2006 
academic year. Student-athletes in the current cohort participated in the following sports: 
soccer, lacrosse, rugby, basketball, wrestling, and softball. A total of 26 student-athletes 
who met inclusion criteria for the study sustained concussions during the two-year 
period.  Student-athletes were included in the current study if they had completed valid 
pre-season baseline testing as well as a post-concussive evaluation within 72 hours of 
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concussive injury and again within 72 – 144 hours of concussive injury. Concussion 
diagnosis was standardized using the SAC. A student-athlete was considered “concussed” 
if he or she met SAC criteria as administered by certified athletic trainers, met Grade 2 
concussion criteria (AAN Guidelines), or experienced any loss of consciousness. 
Exclusion criteria included a history of three or more previous concussions. As 
aforementioned, extensive concussion history has been associated with protracted 
recovery curves and increased severity of concussion.  
Measures 
The Standardized Assessment of Concussion (SAC) was used for the immediate 
sideline assessment of concussion. The SAC is comprised of four components: 
orientation, immediate memory, concentration, and delayed recall (McCrea et al., 1998). 
Validation studies reveal the SAC to be accurate in the classification of concussed 
student-athletes in comparison to non-concussed controls with 95% sensitivity and 76% 
specificity (Barr & McCrea, 2001). This measure was used for the initial classification of 
concussion. 
ImPACT 2.1 is a computerized assessment comprised of three sections: student-
athlete profile and health history questionnaire, current symptoms and conditions, and 
neuropsychological tests that take approximately 25 minutes to complete. The student-
athlete profile and health history questionnaire gleans basic demographic and descriptive 
information. The second section of the test solicits most recent concussion information 
and date, hours slept the night prior to testing, and current medication. Additionally, the 
student-athlete rates the severity of 22 symptoms known to be associated with concussion 
via a 7-point Likert scale. 
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ImPACT includes five forms, baseline and forms two through five, which are 
intended for post-concussive use. Each of these forms has different word lists and 
designs, as well as randomized stimuli throughout the other modules. This feature 
reduces the practice effects that would otherwise be associated with this type of 
neuropsychological assessment. 
Neurocognitive testing is divided into six modules (Table 3.). The first module, 
word discrimination, measures attentional processes and verbal recognition memory 
utilizing a word discrimination paradigm. The second module, design memory, evaluates 
attentional processes and visual recognition memory utilizing a design discrimination 
paradigm. The third module, X’s and O’s, measures visual working memory, visual 
processing speed, and visual memory. This module incorporates a forced-choice reaction 
time test as a distractor task. The fourth module, symbol matching, evaluates visual 
processing speed, learning, and memory. The fifth module, color match, is a modified 
Stroop task measuring impulse control and response inhibition. The sixth module, three 
letters, measures working memory and visual-motor response speed. This module also 
includes a distractor task. The test provides individual scores for each of the modules and 
their components as well as six composite scores: Verbal Memory Composite, Visual 
Memory Composite, Processing Speed Composite, Reaction Time Composite, Impulse 
Control Composite, and Symptom Composite Score (ImPACT Version 2.1 User’s 
Manual). 
The Concussion Resolution Index, developed by Headminder, Inc. (Headminder, 
2007) is a computerized assessment tool that is comprised of three sections: a self-report 
questionnaire, online cognitive subtests, and a test validity section that is completed by 
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the examiner once the test taker finishes the subtests. The athlete profile and health 
history questionnaire provides basic demographic and descriptive information as well as 
symptom report. The CRI is also divided into modules (Headminder, 2007). The first 
module, reaction time, presents a series of geometric shapes and measures reaction time 
by response to specific stimuli (white circles). The second module, cued reaction time, 
expands upon this archetype by requiring the individual to respond only when the 
stimulus (white circle) is preceded by a cuing stimulus (black square). The third module, 
visual recognition, is a memory measure in which the student-athlete is required to 
respond whenever a picture appears for a second time. Following an intervening task, the 
fourth module, visual recognition two, requires identification of previously presented 
images from the earlier test. The fifth module, animal decoding, is a symbol-digit 
visuomotor speed task. The sixth module, symbol scanning, is a symbol search task in 
which the student-athlete must determine whether one or both symbols on the left side of 
the screen are present on the right side of the screen (8 shapes to discriminate from). 
Similar to ImPACT, the CRI has several forms, to reduce practice effects 
associated with serial testing. Further, the CRI was one of the first computerized 
concussion assessment paradigms to routinely incorporate the calculation of reliable 
change indices. A total of six subtests are administered (Table 4.) which comprise three 
indices: Processing Speed, Simple Reaction Time, and Complex Reaction Time.  
Procedure 
Baseline testing was conducted by a trained research assistant in a computerized 
classroom. Student-athletes were tested in a group setting, with a limit of 25 student-
athletes per session. The testing session consisted of an introduction to the assessment 
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situation and explanation of procedures. Following the introduction, a short educational 
session (5 minutes) was provided for all student-athletes explaining symptoms of 
concussion, dispelling common misconceptions surrounding concussive injuries, and 
emphasizing the importance of being asymptomatic prior to the return-to-play.  
Following the educational portion, the corresponding neuropsychological test 
battery was administered. The research assistant guided the student-athletes through the 
first two sections of the test. This was done by projecting a sample “screen” and walking 
student-athletes through each portion. Once all student-athletes had completed the initial 
sections, the group was then allowed to individually complete the individual 
neurocognitive testing. The student-athletes began this section simultaneously in order to 
reduce extraneous distractions. Prior to initiation of neurocognitive testing, the 
importance of attention and concentration was emphasized in order to glean optimal 
performance. Both assessment paradigms include reliability and validity checks that 
allow for re-testing as necessary. Following testing, student-athletes were debriefed and 
all raised concerns were addressed. 
Post-concussive testing was conducted individually in a quiet room within the 
Athletic Training Department of each University. For ImPACT, the testing protocol 
included the second and third sections of ImPACT, current symptomatology and 
neurocognitive testing. For the Concussion Resolution Index, the student-athlete was 
administered a 15-symptom questionnaire prior to the initiation of the “trauma test.”  For 
each symptom (e.g., visual problems) the student-athlete is asked, “Since the injury I 
have experienced ________.”  The student-athlete can then endorse the following 
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responses: Yes and I still have this problem constantly, Yes and I still have this problem 
frequently, Yes and I still have this problem occasionally, Yes but it is over now, and No. 
Post-concussive testing was administered by a certified athletic trainer who had 
been trained extensively on both testing protocols.  Student-athletes who have sustained a 
concussion (as determined by the aforementioned criteria) participate in serial testing 24 
hours, 3, 7, and 10 days post-concussively until all symptoms resolve and cognitive 
scores return to baseline. If symptoms have not resolved 10 days post-concussively, the 
student-athlete is referred to a professional for further neuropsychological evaluation. For 
the purposes of this study we will review baseline and post-concussive data (defined as 0-
72 hours post-injury and 72-144 hours post-injury).  
Hypotheses 
 For ease of understanding, each hypothesis is broken into two subordinate 
hypotheses, based on testing battery (ImPACT versus CRI). Supported by the foregoing 
review, the following hypotheses were proposed: 
Hypothesis 1: Post-concussion assessment will demonstrate significant declines in all 
composite scores in comparison to baseline scores. 
Hypothesis1a: Post-concussion assessment using ImPACT will demonstrate significant 
declines in the measured composites of verbal memory, visual memory, and visual motor 
speed, with significant increases in reaction time and total symptom report. 
Hypothesis 1b: Post-concussion assessment using CRI will demonstrate significant 
declines in the measured composites of processing speed, simple reaction time, and 
complex reaction time, and demonstrate a significant increase in symptom report. 
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Hypothesis 2: Student-athletes reporting visual symptoms (VSR student-athletes) 
following concussion will demonstrate greater declines in their composite scores 
from baseline compared to student-athletes reporting no visual disturbance (NVSR 
student-athletes).  
Hypothesis2a: VSR student-athletes will demonstrate greater declines in their composite 
scores from baseline on the ImPACT battery compared to NVSR student-athletes. 
Hypothesis 2b: VSR student-athletes will demonstrate greater declines in their composite 
scores from baseline on the CRI battery compared to NVSR student-athletes. 
Hypothesis 3: When compared to NVSR student-athletes, VSR student-athletes will 
require a longer recovery trajectory from concussive injuries as measured by 
performances on serial post-concussion composite scores. 
Hypothesis 3a: VSR student-athletes will demonstrate greater declines over three time 
points in their composite scores from baseline on the ImPACT battery compared to NVSR 
student-athletes. 
Hypothesis 3b: VSR student-athletes will demonstrate greater declines over three time 
points in their composite scores from baseline on the CRI battery compared to NVSR 
student-athletes. 
Hypothesis 4: VSR student-athletes will endorse higher levels of symptoms 
associated with PTVS (headache and photophobia) than their NVSR counterparts 
post-concussively, when controlling for total symptom report. 
Hypothesis 4a: VSR student-athletes will endorse higher levels of symptoms associated 
with PTVS (headache and photophobia) on the Post-Concussion Scale (ImPACT) than 
their NVSR counterparts post-concussively, when controlling for total symptom report. 
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Hypothesis 4b: VSR student-athletes will endorse higher levels of symptoms associated 
with PTVS (headache and photophobia) on the 15-item Post-Concussion Questionnaire 
(CRI) than their NVSR counterparts post-concussively, when controlling for total 
symptom report. 
Data-Analytic Strategy 
All data analyses were conducted using the Statistical Package for the Social 
Sciences 16.0 (version 16.0; SPSS Inc, Chicago, IL). The statistical significance level 
was set at an alpha of .05.  
ImPACT 
Concussed student-athletes were included in the visual symptom report group if 
they reported any degree of visual symptomatology on the 7-point Post-Concussion 
Symptom Scale. This scale defines visual problems as “blurred vision and/or diplopia.”  
The scale runs from 0 through 6 with 1 indicating very minor problems with “blurred 
vision and/or double vision” and 6 indicating severe visual problems (as defined as 
blurred vision and diplopia). A score of 0 is defined as “not currently experiencing this 
symptom.”  
A 3 x 2 repeated-measures mixed factorial multiple analysis of variance 
(MANOVA) was employed to compare baseline and post-concussion neurocognitive 
scores and symptoms. The independent variables were report of visual symptoms, NVSR 
(No Reported Post-Concussive Visual Symptoms) versus VSR (Reported Post-
Concussive Visual Symptoms) and time (baseline assessment versus assessment within 
72 hours post-concussion versus second assessment within 144 hours). The dependent 
variables were verbal memory, visual memory, reaction time, visual motor speed, and 
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total concussion-related symptoms. Total symptom score was calculated without the 
visual symptom item in order to remove a potential confound in the dependent variable. 
The within-subject factor was Time (pre- versus post-concussion time points) and the 
between-subjects factor was reported Visual Disturbance (VSR versus NVSR student-
athletes). Based on Hypothesis 1, it was predicted that there would be a main effect of 
Time, with significant declines across all five composite scores and total symptom score 
at post-concussion assessment. In line with Hypotheses 2 and 3, it was further predicted 
that there would be a Time x Visual Disturbance interaction, such that VSR student-
athletes would demonstrate greater declines in all five composite scores and total 
symptom report score at post-concussion assessment compared with NVSR student-
athletes. 
It was hypothesized that index scores would reliably predict group membership 
(VSR vs. NVSR). This was evaluated by conducting discriminant stepwise analysis 
including each neurocognitive domain (verbal memory, visual memory, visual motor 
speed, reaction time, and total symptom score). Further, clinical change was determined 
by calculation of reliable change indices for each of the composite scores. 
Chi-square analyses and correlational data were examined to evaluate Hypothesis 
4. 
CRI 
 Concussed student-athletes were included in the visual symptom report group if 
they reported any degree of visual symptomatology on the 15-item Post Concussion 
Questionnaire. This scale defines visual problems as “blurred vision and/or double 
vision.”  Five responses are possible and were coded as follows: Yes and I still have this 
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problem constantly (4), Yes and I still have this problem frequently (3), Yes and I still 
have this problem occasionally (2), Yes but it is over now (1), and No (0). 
A 3 x 2 repeated-measures mixed factorial multiple analysis of variance 
(MANOVA) was employed to compare baseline and post-concussion neurocognitive 
scores and symptoms. The independent variables were report of visual symptoms, NVSR 
(No Reported Post-Concussive Visual Symptoms) versus VSR (Reported Post-
Concussive Visual Symptoms) and Time (baseline assessment versus assessment within 
72 hours post-concussion versus second assessment within 144 hours). The dependent 
variables were simple reaction time, complex reaction time, processing speed index, and 
total symptom score.  Total symptom score was calculated without the visual symptom 
item and only included currently reported symptoms (exclusion of “Yes, but it’s over 
now” item) in order to remove potential confounds in the dependent variable. The within-
subject factor was Time point (pre- versus post-concussion time points) and the between-
subjects factor was reported Visual Disturbance (VSR versus NVSR student-athletes). 
Based on Hypothesis 1, it was predicted that there would be a main effect of Time, with 
significant declines across all five composite scores and total symptom score at post-
concussion assessment. In line with Hypothesis 2 and 3, it was further predicted that there 
would be a Time x Visual Disturbance interaction, such that VSR student-athletes would 
demonstrate greater declines in all five composite scores and total symptom report score 
at post-concussion assessment compared with NVSR student-athletes. 
It was hypothesized that index scores would reliably predict group membership 
(VSR vs. NVSR). This was evaluated by conducting discriminant stepwise analysis 
including each neurocognitive domain (simple reaction time, complex reaction time, 
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processing speed index, and total symptom score). Further, clinical change was 
determined by calculation of reliable change indices for each of the composite scores. 
Correlational and chi-square analyses were conducted to evaluate hypothesis 4.  
Ethical Considerations 
Institutional Review Board approval was obtained from Drexel University. To 
ensure confidentiality of data, all patient files were stored on a secure server with access 
restricted only to authorized persons. Identifying information was removed from all data 
and stored in a database accessible only to the investigators. No identifying information 
will be included in any publication of the results. 
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CHAPTER 3: RESULTS 
ImPACT  
Demographic Information 
A total of 62 student-athletes sustained concussions that met inclusion criteria. 
Learning disabilities were reported by 4 % (n = 3) of student-athletes requiring post-
concussion testing. A history of attention problems was endorsed by 10% (n = 6) of the 
sample. Sixty-six percent of the student-athletes requiring post-concussion testing (n = 
41) reported a history of previous concussion. 32 student-athletes reported no visual 
symptoms (NVSR) post-concussively (age m = 20.2, education m = 13.8, 59% male, 
81% right-handed). 30 student-athletes reported visual symptoms (VSR) post-
concussively (age m = 19.9, education m = 13.3, 50% male, 90 % right-handed). Student-
athletes in the sample participated in the following sports: soccer (37%), wrestling (15%), 
lacrosse (11%), gymnastics (10%), basketball (6%), softball (6%), cheerleading (3%), 
baseball (3%), football (3%), field hockey (2%), crew (2%), and volleyball (2%). 
Demographic characteristics of NVSR and VSR groups were compared using 
one-way analysis of variance (ANOVA) and chi-square statistics. The groups did not 
differ in terms of age (p = 0.36), gender (p = 0.47), years of education (p = 0.08), 
dominant hand (p = .26), sport (p = .86), learning disability (p = .52), attention problems 
(p = .07), or history of concussion (p = .70). The majority of student-athletes endorsing 
visual symptoms reported the severity of their symptoms as mild (1-point, 47%, n = 14; 
2-point 27%; n = 8), followed by moderate (3-point, 14%, n = 4; 4-point, 3%, n = 1) and 
severe symptom report (5-point, 7%, n = 2; 6-point, 3%, n = 1).  
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Baseline versus Post-Concussion Assessment  
The ImPACT Composite scores were analyzed in a 3 x 2 mixed factorial design 
with Time (baseline vs. post-concussion) as a within-subject factor and visual symptom 
report (NVSR vs. VSR) as a between-subjects factor. The assumption of covariance 
matrix homogeneity in the data was not violated (M = 216.20, F (120, 11062.26) = 1.32, 
p = .012). Statistical significance level was set at the level of p = .001 a priori for Box’s 
test of equality of homogeneity of covariances because of the extreme sensitivity of the 
test.  Mauchly’s test indicated that the assumption of sphericity had not been violated for 
the majority of dependent variables, including verbal memory (χ2 = 0.56, p = .76), visual 
memory (χ2 = 3.06, p = .33), visual motor speed (χ2 = 3.51, p = 0.17), and symptom score 
(χ2 = 1.75, p = .42). However, Mauchly’s test indicated that the assumption of sphericity 
had been violated for reaction time (χ2 = 11.41, p <.01). Degrees of freedom were thus 
corrected using Huynh-Feldt estimates of sphericity (Ε =.88). 
 The analysis revealed a significant within-subject main effect of Time on 
ImPACT performance (Wilks’ λ =.30, F (10, 51) = 11.94, p < .001, ηp2 = 0.70), a 
between-subjects multivariate effect of Group (Wilks’ λ = .57, F (5,56) = 8.33, p  < 
.001, ηp2 = .43) and a significant Group x Time interaction (Wilks’ λ = .56, F (10, 51) = 
3.98, p < .001, ηp2 =.44). ImPACT scores at each time point for each group on the 
composite scores of verbal memory, visual memory, visual motor speed, reaction time, 
and total symptom report are displayed in Figures 1 through 5. 
Univariate analyses comparing student-athletes’ performance across time points 
(baseline versus 0 - 72 hours post-injury versus 72-144 hours post-injury) revealed 
statistically significant differences with regard to verbal memory (p = .01, ηp2 = .07), 
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visual memory (p < .001, ηp2 = 0.13), visual motor speed (p < .001, ηp2 = 0.13), reaction 
time (p = .006, ηp2 = .09), and total symptom report (p < .001, ηp2 = .47). These analyses 
revealed declines from baseline to initial post-concussion follow-up and then subsequent 
improvement at the second post-concussion assessment for each composite score. 
Descriptive statistics, mean comparisons, and effect sizes are presented in Table 5. 
Follow-up univariate analyses comparing each group’s performance (VSR versus 
NVSR) on ImPACT composite scores revealed statistically significant differences in 
verbal memory (p = .002, ηp2 = .14), visual memory (p < .001, ηp2 = .26), visual motor 
speed (p = .05, ηp2 = .06), reaction time (p = .006, ηp2 = .12), and total symptom report (p 
< .001, ηp2 = .35).  
The mixed factorial design revealed a Group x Time interaction (Wilks’ λ = .56, F 
(10, 51) = 3.98, p < .001, ηp2 =.44). Univariate analyses by domain revealed statistically 
significant results for visual motor speed (F (2, 60) = 4.02, p = .02, ηp2 = .06), reaction 
time (F (2, 60) = 3.18, p = .04, ηp2 = .05), and total symptom score (F (2, 60) = 18.23, p < 
.001, ηp2 = .23) (Figures 6, 7, and 8). There was no significant interaction effect detected 
for verbal memory (F (2, 60) = .65, p = .53, ηp2 = .01) or visual memory (F (2, 60) = .18, 
p = .84, ηp2 < .01). Descriptive statistics, mean comparisons, and effect sizes are 
presented in Table 6.  
As expected, groups did not differ at baseline testing on any of the composites. 
Whereas groups did not differ at baseline testing on the visual motor speed composite (t 
(60) = .55, p = .58), the VSR group departed from the NVSR at initial post-concussion 
assessment (t (60) = 3.24, p < 0.001). Specifically, the VSR group showed slower 
reaction times as a group compared with the NVSR group. The groups did not differ at 
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second post-concussion assessment (t (60) = .92, p = 0.36). Examination of the reaction 
time composite revealed comparable baseline performance (t (60) = -1.02, p = .31), with 
significant differences detected at both initial post-concussion assessment (t (60) = -2.80, 
p = .007) and second follow-up assessment (t (60) = -2.59, p = .014). The VSR group 
demonstrated significantly slower reaction time at both time points in comparison to their 
NVSR counterparts. Similarly, total symptom score did not reveal significant differences 
at baseline (t (60) = -.23, p = .83), but showed departures from the NVSR group at both 
initial (t (60) = -6.17, p < .001) and second post-concussion assessment (t (60) = -3.75, p 
<0.01). Specifically, VSR student-athletes reported significantly more symptomatology 
in comparison to NVSR student-athletes.  
Prediction of Change Using Stepwise Discriminant Analysis 
A stepwise discriminant analysis (SDFA) was conducted with the five ImPACT 
composite scores at 0-72 hour follow-up assessment in order to predict whether the 
composite scores could accurately predict group membership (VSR vs. NVSR). Box’s M 
Test indicated that the assumption of equality of covariance matrices was not violated (M 
= 3.34, F 3, 753065.91 = 1.07, p = .36). One discriminant function identified total symptom 
score and visual motor speed as significant factors (χ2 (2) = 32.45, p < 0.01), with 75.8% 
of cases correctly classified. Seventy percent of student-athletes in the visual symptom 
report group and 81% of the student-athletes in the NVSR group were correctly 
classified. The classification matrix is provided in Table 7. The eigenvalue for these data 
(0.733) suggested that the discriminating power of the function was relatively high, with 
a canonical correlation of .65. The significance of the discriminant function predicting 
group membership and the discriminating power of the discriminant function are 
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provided in Table 8. Standardized and canonical correlation coefficients are shown in 
Table 9.  
Reliable Change Indices 
 
Reliable change indices (RCI) were calculated to determine significant decreases 
post-concussively (Table 10). The use of reliable changes indices, a standardized 
difference score designed to assess effects of a clinical intervention (Jacobson, Follette, & 
Revenstorf, 1984), has become standard practice in the evaluation of concussion in sport 
(Hinton-Bayre, Geffen, Geffen, & McFarland, 1999). Iverson, Lovell, and Collins (2003) 
specifically evaluated the application and implementation of RCI with ImPACT and 
established RCI scores based on a test-retest paradigm using non-concussed individuals. 
The established RCI scores are used for comparison here. Post-concussively (within 72 
hours of injury), 75% of individuals with no history of reported visual symptoms (n=32) 
(NVSR) demonstrated at least one reliable decline (n = 24): 40% for total post-
concussion symptom score (n = 13), 38% for visual motor speed (n = 12), 28% for visual 
memory (n = 9), 28% for verbal memory (n = 9), and 22% for reaction time (n = 7). 
100% of individuals who reported visual symptomatology following concussive injury 
(VSR) demonstrated at least one reliable decline (n = 30): 93% for total post-concussion 
symptoms score (n = 28), 73% for visual motor speed (n = 22), 53% for reaction time (n 
= 16), and 40% for verbal memory (n = 12) and visual memory (n = 12). 
Post Trauma Vision Syndrome Symptomatology 
The two groups (VSR vs. NVSR) were used to investigate whether student-
athletes who report post-trauma vision syndrome symptomatology also experience other 
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concussive symptoms, namely photophobia and headache. The symptoms reported were 
dichotomized and chi-square analyses were used to examine the association between 
visual symptoms, headache, and photophobia. As indicated in Table 11, student-athletes 
who reported visual symptoms were significantly more likely to experience photophobia 
(p < .01). However, these student-athletes were no more likely than their non-visual 
symptom report counterparts to experience headache (p = .50). Partial correlations were 
calculated to explore the relationship between visual symptom report and other-post 
trauma vision syndrome symptomatology (headache and photophobia) at initial follow-up 
assessment, when controlling for total symptom score. Photophobia and visual symptom 
report were moderately correlated (rpartial = 0.33, p = .01); however, there was no 
association between visual symptom report and post-concussive headache (rpartial = 0.14, 
p = .30) when controlling for total symptom score at initial follow-up assessment. Of 
individuals who reported visual symptoms post-concussively, 87% reported lingering 
headache and 90% reported concomitant photophobia. 
Concussion Resolution Index  
Demographic Information 
A total of 26 student-athletes sustained concussions during the 3-year study who 
met inclusion criteria. Learning disabilities were reported by 4% (n = 1) of student-
athletes requiring post-concussion testing. A history of attention problems was endorsed 
by 15% (n = 4) of the sample. 31% of the student-athletes requiring post-concussion 
testing (n = 8) reported a history of previous concussion. 13 student-athletes reported no 
visual symptoms (NVSR) post-concussively (age m = 18.92, education m = 12.6, 54% 
male, 77% right-handed). 13 student-athletes reported visual symptoms (VSR) post-
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concussively (age m = 19.15, education m = 12.7, 23% male, 92 % right-handed). 
Student-athletes in the sample participated in the following sports: soccer (8%), rugby 
(19%), lacrosse (35%), basketball (19%), wrestling (8%), and softball (12%). 
Demographic characteristics of NVSR and VSR groups were compared using 
one-way analysis of variance (ANOVA) and chi-square statistics. The groups did not 
differ in terms of age (p = .62), gender (p = .12), years of education (p = .68), dominant 
hand (p = .30), sport (p = .90), learning disability (p = .33), attention problems (p = .30), 
or history of concussion (p = .71). The majority of student-athletes endorsing visual 
symptoms reported the severity and persistence of their symptoms as “A little” (46%, 
n=6), followed by “A lot” (15%, n = 2), “Constantly” (8%, n=1), and “Yes, but gone 
now” (31%, n=4).   
Baseline versus Post-Concussion Assessment 
 
The CRI Composite scores were analyzed in a 3 x 2 mixed factorial design with 
time (baseline vs. post-concussion) as a within-subject factor and visual symptom report 
(NVSR vs. VSR) as a between-subjects factor. The assumption of covariance matrix 
homogeneity in the data was violated (M = 167.670, F45, 1892.265 = 2.178, p = .001); 
however, this test of homogeneity of variance has been criticized for being overly 
sensitive to violations of normality. To correct for the violations of the Box M test for the 
assumption of homogeneity of variance, the relatively conservative Pillai’s trace F was 
used for the estimation of F statistics in the analyses. Mauchly’s test indicated that the 
assumption of sphericity had been violated for several dependent variables, including 
simple reaction time (χ2 = 11.93, p < .01), complex reaction time (χ2 = 13.61, p < .01), 
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and processing speed (χ2 = 6.65, p = .03. Degrees of freedom were thus corrected using 
Huynh-Feldt estimates of sphericity (Ε = .776 - .883). 
The analysis revealed a significant within-subject main effect of Time on CRI 
performance (Pillai’s trace = .58, F (6,19) = 4.33, p < .01, ηp2 = .58), a between-subjects 
multivariate effect of Group (Pillai’s trace = .29, F (3, 22) = 3.05, p = .050, ηp2 = .29), 
and a significant Group × Time interaction (Pillai’s trace = .48, F (6,19) = 2.89, p = .036, 
ηp2 =.48). CRI scores at each time point for each group on the indices of simple reaction 
time, complex reaction time, and processing speed are displayed in Figures 9 through 11. 
Univariate analyses comparing student-athletes’ performance across time points 
(baseline versus 48-hours post-injury versus 3-5 days post-injury) revealed statistically 
significant differences with regard to simple reaction time (p = .001), complex reaction 
time (p = .001), and processing speed (p = .030).  These analyses revealed declines from 
baseline to initial post-concussion follow-up and then subsequent improvement at the 
second post-concussion assessment for each index.  Descriptive statistics, mean 
comparisons, and effect sizes are presented in Table 12. 
Follow-up univariate analyses comparing each group’s performance (VSR versus 
NVSR) on CRI indices revealed statistically significant differences in simple reaction 
time (p = .049, ηp2 = .15) and processing speed (p = .016, ηp2 = .217). Complex reaction 
time did not reach significance (p = .12, ηp2 = .10). 
The mixed factorial design also revealed a Group × Time interaction (Pillai’s 
trace = .48, F (6,19) = 2.89, p = .036, ηp2 =.48). Univariate analyses by domain revealed 
statistically significant results for simple reaction time (F2,23= 4.60, p = .005, ηp2 = .16), 
as demonstrated in Figure 12. Whereas groups did not differ at baseline testing (t (24) = -
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.31, p = .76), the VSR group departed from the NVSR at initial post-concussion 
assessment (t (24) = -2.81, p = .01). Specifically, the VSR group showed slower reaction 
times as a group compared with the NVSR group. The groups did not differ at second 
post-concussion assessment (t (24) = -1.23, p = .24).  
There was no significant interaction effect detected for complex reaction time 
(F2,23 = 2.30, p = .11, ηp2 = .09) or processing speed  (F2,28 = 2.31, p = .11, ηp2 = .09) (see 
Figures 13 and 14). Descriptive statistics and mean comparisons are presented in Table 
13. 
As symptom report is not measured at baseline with the CRI, independent 
samples t-tests were utilized to compare total current symptom report (less visual 
symptom report) of each group (Figure 15). The VSR group (x = 15.92) departed from 
the NVSR (x = 7.38) at initial post-concussion assessment (t (24) = -2.27, p = .032) in 
terms of total symptom report. Specifically, the VSR group reported more symptoms at 
the initial follow-up assessment in comparison the NVSR group. The groups (VSR – x = 
10.38, NVSR – x = 2.92) did not differ at second post-concussion assessment (t (24) = -
1.58, p = .14).  
Prediction of Change Using Stepwise Discriminant Analysis 
A stepwise discriminant analysis (SDFA) was conducted with the three CRI 
composite scores and the total current symptom score at 0-72 hour follow-up assessment 
in order to predict whether the composite scores could accurately predict group 
membership (VSR vs. NVSR). One discriminant function identified simple reaction time 
and total symptom score as significant factors (χ2 (2) = 14.41, p = 0.01, with 80.5% of 
cases correctly classified. Seventy-five percent of student-athletes in the VSR group and 
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83% in the NVSR group were correctly classified. The classification matrix is provided 
in Table 14. The eigenvalue for these data (0.461) suggested that the discriminating 
power of the function was moderate, with a canonical correlation of 0.562. The 
significance of the discriminant function predicting group membership and the 
discriminating power of the discriminant function are provided in Table 15. Standardized 
and canonical correlation coefficients are shown in Table 16.  
Reliable Change Indices 
Reliable change indices (RCI) were calculated to determine significant decreases 
post-concussively. The CRI system highlights the use of reliable change indices, as the 
stoplight paradigm in which red correlates with a reliable change index of -2.00 and 
advocates removal from play and exertion, yellow (-1.00) urges to exercise caution in 
return-to-play decisions, and green indicates no significant cognitive differences from 
baseline performance. Post-concussively (within 48 hours of injury), 92% of individuals 
with no history of reported visual symptoms (n=13) (NVSR) demonstrated at least one 
reliable decline (n=12): 77% for complex reaction time (n = 10), 38% for processing 
speed (n = 5), and 31% for simple reaction time (n = 4); 92% of individuals with a history 
of reported visual symptoms (n = 13) (VSR) demonstrated at least one reliable decline (n 
= 12); 85% for simple reaction time, 77% for complex reaction time (n = 10), and 77% 
for processing speed (n = 10). 
Post-Trauma Vision Syndrome Symptomatology 
The two groups (VSR vs. NVSR) were used to investigate whether student-
athletes who report post-trauma vision syndrome symptomatology also experience other 
concussive symptoms, namely photophobia and headache. The visual symptom report 
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was dichotomized (VSR versus NVSR) and chi square analyses were used to examine the 
association between visual symptoms, headache, and photophobia. As indicated in Table 
18, no student-athletes denying visual symptoms also reported experiencing headaches 
post-concussively, which violated the assumption requiring a minimum number of 
observations in each cell for the chi square analysis. Thus, this analysis was not 
completed for headaches. Student-athletes who reported visual symptoms, however, were 
significantly more likely to experience photophobia (p < .01). An analysis using 
Spearman’s rank correlations coefficients was also used to explore possible associations 
among post-concussive symptoms. There was a significant relationship between visual 
symptom report and photophobia, ρ = .44 (p = .02) although the association between 
headache and visual symptom report was not significant (ρ = .371, p = .06). Of 
individuals who reported visual symptoms post-concussively, 100% reported lingering 
headache and 83% reported concomitant photophobia. 
56
 
CHAPTER 4: DISCUSSION 
 
An estimated 300,000 sports-related concussions are reported each year (CDCP, 
1997), although this likely represents an underestimate of the true prevalence of 
concussion, due to underreporting by student-athletes and a lack of recognition of 
concussive symptoms by athletic training staff and medical professionals. Sports-related 
concussion is a growing public health concern within the medical and neuropsychological 
communities (Moser, 2007) and baseline and post-concussive neurocognitive evaluation 
has become the cornerstone of concussion evaluation, contributing both to understanding 
of injury as well as individual patient management. However, considerable controversy 
remains within the sports-related concussion community surrounding both the accurate 
identification and classification of concussion and the nature of recovery from sports-
related concussion. 
The present investigation examined the relationship between reported visual 
disturbance and neurocognitive functioning in collegiate student-athletes, as well as the 
clinical utility of the ImPACT and CRI protocols in student-athletes who reported post-
concussive visual sequelae. Nearly 30% of concussed student-athletes report some level 
of visual problem (18.4% mild visual problems; 8.8% moderate visual problems; 2.3% 
severe visual problems) following concussion (Lovell et al., 2006).  However, to the 
author’s knowledge, an examination of the relationship between visual symptom report 
and post-concussive neurocognitive performance has not yet been presented.  
Results of the current study suggested a relationship between visual symptom 
report and post-concussive neurocognitive performance. One of the strengths of the 
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current study is that this phenomenon was examined across testing paradigms (ImPACT 
and CRI), suggesting a true relationship between visual symptom report and concussion 
severity and recovery trajectory, rather than a protocol-specific finding. 
Described in detail below, the findings suggest that student-athletes who reported 
any degree of visual symptomatology were more likely to experience an increased 
severity of concussion, characterized by a greater presence of other post-concussion 
symptoms and particular neurocognitive impairments. Individuals who experienced 
visual symptoms were more likely to demonstrate reliable clinical change on both the 
ImPACT and CRI. Additionally, total symptom score and task-specific neurocognitive 
domains (ImPACT – visual motor speed composite, CRI – simple reaction time) 
appeared to reliably predict visual symptom group membership, suggesting that these 
domains may be most sensitive to an increased severity of concussion. The current study 
sought to examine the clinical triad of visual symptoms, photophobia, and headache, as 
described in Post-Trauma Vision Syndrome (Padula & Argyris, 1996). While 
photophobia and visual symptom report were associated, it does not appear that post-
traumatic headache is specific to student-athletes reporting visual symptoms. The present 
study did not detect a subgroup of concussed individuals who presented with PTVS as 
originally hypothesized. 
Detection of Change Using Baseline versus Post-Concussion Computerized Assessment 
Consistent with extensive previously published research utilizing the ImPACT 
testing battery, the results revealed significant decline from baseline to initial post-
concussion evaluation (Hypothesis 1) in the domains of verbal memory, visual memory, 
visual motor speed, and reaction time, as well as an increase in total symptom score. 
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Examination of the trajectory of recovery over time (Figures 1-5) suggested greatest 
declines from baseline testing to initial post-concussion testing (assessment within 0-72 
hours), and subsequent improvement from initial post-concussion assessment to the 
second follow-up assessment (72-144 hours). Notably, however, significant deficits 
remained across domains at the second post-concussion assessment, suggesting 
incomplete recovery at this time point. This finding is consistent with the majority of 
sports-concussion literature suggesting that concussion typically resolves completely 
within 7-10 days following injury (McCrory et al., 2009), a time frame which was not 
included in this analysis. 
Similar results were identified on the CRI protocol, such that significant declines 
were noted on composites of simple reaction time, complex reaction time, and processing 
speed (Figures 9-11). Again, greatest declines were noted from baseline to initial post-
concussion assessment, with recovery noted from the initial post-concussion assessment 
to the second post-concussion assessment. Importantly, neurocognitive decline and 
symptom report did not completely resolve (return to baseline) at the second post-
concussion assessment, suggesting incomplete recovery at 4-7 days post-injury. 
These findings are consistent with the extensive sports-related concussion 
literature suggesting post-concussive cognitive deficits in psychomotor speed, attention 
and concentration, working memory, mental set shifting, information processing speed, 
reaction time, and memory (Echemendia, Putukian, Mackin, Julian, & Schoss, 2001; 
Iverson, Lovell, & Collins, 2005; Erlanger et al., 2003; Collins et al., 1999; Barth et al., 
1989; Hinton-Bayre, Geffen, Geffen, McFarland, & Friis, 1999; Erlanger, Kutner, Barth, 
& Barnes, 1999). Despite recent controversy surrounding the utility of a “baseline testing 
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model” (Kirkwood, Randolph, & Yeates, 2009; Randolph, McCrea, & Barr, 2005), the 
current findings support the utility of a testing model that includes baseline and post-
concussion assessment (Lovell et al., 2003; Macciocchi, Barth, Alves, Rimel, & Jane, 
1996) in order to detect the subtle deficits associated with sports-related concussion.  
The ability for computerized testing paradigms such as ImPACT and CRI to guide 
in return-to-play decision-making is promising. While not yet perfected, the 
implementation of such a program can be vital in detecting subtle neurocognitive deficits 
that may otherwise go undetected. Accurate assessment of concussion can help guide 
return-to-play decision-making and reduces the risks of recurrent injury, cumulative 
neuropsychological impairment, and potentially catastrophic outcomes such as second 
impact syndrome, which has been associated with sports-related concussion in high 
school student-athletes. 
ImPACT - VSR as a Predictor of Concussion Severity and Recovery Trajectory 
 
Group comparison (Hypothesis 2 & 3) revealed significantly greater declines over 
time (baseline vs. post-concussion assessments) for those student-athletes who reported 
visual symptoms in the domains of visual motor speed, reaction time, and total symptom 
report than for student-athletes who did not report visual symptomatology (Figures 6 - 8). 
The VSR group performed significantly worse at initial post-concussion assessment in 
comparison to NVSR student-athletes. The performances across groups did not differ on 
the visual motor speed composite at the second post-concussion assessment, suggesting a 
transient negative effect of visual symptom report on visual motor speed. Significant 
differences were detected both at initial post-concussion assessment and second follow-
up assessment on the reaction time composite, as VSR student-athletes demonstrated 
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significantly slower reaction times at both assessment points. Student-athletes who 
reported visual symptoms also demonstrated greater total symptom report at both follow-
up time points in comparison to those who did not report experiencing visual symptoms. 
A step-wise discriminant analysis was completed in order to determine the 
sensitivity of ImPACT in discriminating between concussed student-athletes who 
reported visual symptoms and those who did not and to determine whether specific index 
scores could accurately predict visual symptom group membership. One discriminant 
function identified total symptom score and visual motor speed as significant factors, 
with 76% of cases correctly classified. Seventy percent of student-athletes in the visual 
symptom report group and 81% of the student-athletes in the NVSR group were correctly 
classified. Given the significant findings of the discriminant analysis, it appears that total 
symptom report, and to a lesser extent, performance on the visual motor speed composite 
on ImPACT, may have the potential to serve as a predictor of severity of concussion and 
discriminate between student-athletes who report visual symptoms and those who do not.   
Reliable change indices were calculated to determine the clinical interpretation of 
change in neurocognitive performance (Table 10).  A larger percentage of VSR student-
athletes were found to have at least one reliable decline across composite scores (VSR – 
100%; NVSR – 75%) than student-athletes who did not report visual symptomatology. 
Examination of each domain revealed greater reliable clinical change in the visually 
symptomatic group for visual motor speed (VSR – 73%; NVSR – 38%), reaction time 
(VSR - 53%; NVSR – 22%), and total symptom report (VSR – 93%; NVSR – 40%). 
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CRI- VSR as a Predictor of Concussion Severity and Recovery Trajectory 
Group comparison (Hypothesis 2 & 3) revealed significantly greater declines over 
time (baseline vs. post-concussion assessments) for those student-athletes who reported 
visual symptoms in the domains of simple reaction time and total symptom report than 
for student-athletes who did not report visual symptomatology (Figures 12, 15). The VSR 
group performed significantly worse at initial post-concussion assessment in comparison 
to NVSR student-athletes. The performances across groups did not differ on the simple 
reaction time composite at the second post-concussion assessment, suggesting a 
temporary impact of visual symptom report on simple reaction time. While significant 
interactions were not detected for complex reaction time and processing speed, there was 
a trend towards significance, suggesting greater impairment over time for those 
individuals who reported visual symptoms, as illustrated in Figures 13 and 14. 
A step-wise discriminant analysis was completed in order to determine the 
sensitivity of CRI in discriminating between concussed student-athletes who reported 
visual symptoms and those who did not and to determine whether specific index scores 
could accurately predict visual symptom group membership. One discriminant function 
identified simple reaction time and total symptom score as significant factors, with 81% 
of cases correctly classified. Seventy-five percent of student-athletes in the visual 
symptom report group and 83% of the student-athletes in the NVSR group were correctly 
classified. Given the significant findings of the discriminant analysis, it appears that 
simple reaction time, and to a lesser extent, total symptom score on CRI, may have the 
ability to predict the severity of concussion and discriminate between student-athletes 
who report visual symptoms and those who do not.   
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Reliable change indices were calculated to determine the clinical interpretation of 
change in neurocognitive performance (Table 17).  While both groups consistently 
demonstrated at least one reliable change (VSR – 92%, NVSR – 92%) a larger 
percentage of VSR student-athletes was found to demonstrate greater reliable clinical 
change in simple reaction time (VSR – 85%; NVSR – 31%). 
Post Trauma Vision Syndrome Symptomatology 
The constellation of symptoms identified as characteristic of Post Trauma Vision 
Syndrome overlap significantly with those frequently observed following concussion and 
in Post-Concussion Syndrome. The two groups (VSR vs. NVSR) were used to explore 
this overlap in regard to symptom report and examine the possibility of a subset of 
concussed student-athletes who predominantly report those symptoms associated with 
PTVS (vision impairment, headache, and photophobia). On both ImPACT and CRI 
(Hypothesis 4), student-athletes who reported visual symptoms were significantly more 
likely to experience photophobia, even when controlling for total symptom report. 
However, these student-athletes were no more likely than their non-visual symptom 
report counterparts to experience headache. This may, in part, be a consequence of the 
frequency in which headache is reported in the post-concussive student-athlete, 
regardless of visual symptom report. Given that estimates as high as 86% of student-
athletes who sustain concussion report post-traumatic headache (Guskiewicz, Weaver, 
Padua, & Garrett, 2001), it would seem that headache is a relatively non-specific 
symptom rather than specifically associated with a distinct triad of symptoms (visual 
symptoms, photophobia, headache), as described in Post-Trauma Vision Syndrome. Of 
individuals who reported visual symptoms post-concussively on ImPACT, 87% reported 
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headache and 90% reported photophobia. Of individuals who reported visual symptoms 
post-concussively on CRI, 100% reported lingering headache and 83% reported 
concomitant photophobia. 
Limitations  
Several limitations are recognized that may have served to restrict the external 
validity of the current findings.  Perhaps most importantly, post-concussion symptom 
data were self-reported.  Particularly given the nature of visual disturbance, the lack of 
external measurement of “visual problems” clearly obscures the precision and definition 
of what “visual problem” report represents.  Further, the definition as provided by both 
testing paradigms for “visual problem” is limited to diplopia and blurred vision, despite a 
host of other potential visual disturbances.  ImPACT and CRI also measure symptom 
report differently, reducing the consistency of measurement across paradigms. Related to 
this point is that all symptom report is subjective and may be influenced by a tendency to 
underreport symptoms on the part of the student-athlete in an effort to rush return-to-play 
decisions.   
Another limitation of the current study involves the representativeness of the 
sample. It should be noted that concussion assessment was restricted to Northeastern 
schools (CRI was limited to Drexel University student-athletes). While the results may be 
generalizable to other groups of collegiate student-athletes, the impact of regional 
demographic factors (e.g., socio-economic status, race, etc.) is unclear. Similarly, the 
sports included in the current investigation are somewhat inconsistent with prevalence 
rates by sport as described in the literature (e.g., a large majority of concussions occur 
during participation in football). While a small group of football players were included in 
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the ImPACT analyses, football is not a sport offered at Drexel University, and thus was 
not included in the CRI analyses. 
Sample size is another limitation of the current study. While the databases 
examined included a large number of student-athletes, the relatively low base rate of 
concussion was further compounded by the relatively low base rate (approximately 30%) 
of visual symptom report post-concussively (Lovell, 2006). Additionally, a large number 
of student-athletes were excluded from the present study due to an extensive concussion 
history (defined as more than three concussions), as concussion history has been 
identified as a risk factor for protracted recovery curves and increased severity of 
concussion (Lovell et al., 2003). While this exclusion criterion served to reduce Type I 
error, there was a consequent reduction in overall number of student-athletes. The 
methodology implemented in the present study had the advantage of using both between- 
and within-subjects variables, allowing for characterization of group differences over 
time.  Although the effect sizes for significant findings were of a very strong magnitude 
(η2partial > .30), other effects of small to moderate strength may not have been detected 
due to limited statistical power. 
Finally, the current analysis was retrospective in nature, disallowing for certain 
experimental controls. For example, while both clinical protocols outlined serial testing 
completion at 1, 3, 5, 7, and 10 days post-concussively, missing data due to student-
athlete unavailability led to the collapse of data into two follow-up assessment time 
points (0-72 hours post-concussively, 72-144 hours post-concussively). A prospective 
experimental design would also have allowed for greater exploration into visual symptom 
report. 
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Conclusions and Future Directions 
The current investigation supports the utilization of computerized concussion 
assessment paradigms in the management of collegiate student-athletes. Consistent with 
the established literature (Broglio & Puetz, 2008), significant decline in neurocognitive 
functioning was detected as a function of time and total symptom report.  Further, visual 
symptom report appeared to predict increased severity of concussion. Despite recent 
criticisms of baseline assessment paradigms suggesting minimal ecological validity or 
benefit of baseline testing models (Randolph & Kirkwood, 2008), the SLAM model 
(sports as a laboratory assessment model) first introduced by Barth and colleagues (Barth 
et al., 1989) provides a crucial control for individual differences among student-athletes. 
The utilization of baseline and serial post-concussion assessment allows for intra-
individual comparisons and provides better assurance that a concussed student-athlete is 
fit to return to competition. Given the importance of reaction time and processing speed 
in athletic endeavors, subtle differences detected by computerized assessment that would 
otherwise go undetected may serve to protect the student-athlete from ill-advised 
premature return-to-play. 
Symptom presentation appears to vary depending upon the severity of injury. For 
example, student-athletes with persistently high subjective symptom report and memory 
deficit were more likely to have experienced on-field predictors of increased concussion 
severity (Collins et al., 2003). Subjective reports of nausea and dizziness have also been 
described as significant predictors of severity of injury immediately following concussive 
injury. Erlanger and colleagues (2003) have reported that subjective self-report of 
symptoms is predictive of overall duration of symptoms. The current study adds to this 
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literature by demonstrating that total symptom report was predictive of increased 
concussion severity and prolonged trajectory of recovery. 
Increasingly, the sports-related neuropsychological community is evaluating the 
potential relationship between post-concussive symptomatology and neurocognitive 
performance.  More common symptoms of concussion, including headache and 
subjective “fogginess”, have been examined and have demonstrated a relationship to 
post-concussive neurocognitive performance (Iverson, Gaetz, Lovell, & Collins, 2004; 
Collins et al., 2003). The primary contribution of the current study is the demonstration 
of the relationship between visual symptom report and post-concussion neurocognitive 
functioning. Student-athletes who report any degree of visual symptomatology appear to 
experience an increased severity of concussion, characterized by a greater presence of 
other post-concussion symptoms and particular neurocognitive impairments. Further, it 
seems both visual symptom report and total symptom report may serve as useful markers 
of concussion severity and have the potential to contribute to a basic heuristic aimed at 
the development of return-to-play guidelines.  
Additional research is necessary in order to determine whether subjective 
symptom report can contribute to clinical practice through the development of a 
simplified return-to-play heuristic in which one or two subjectively identified symptoms 
can guide athletic training staff in lieu of neuropsychological testing.  While 
neuropsychological assessment is the current gold standard in concussion assessment, 
post-concussive symptom report provides valuable information to clinicians. Visual 
symptom report may be of value when examining the acute effects of injury and may aid 
in creating an index of severity against which to track recovery. A recent meta-analysis 
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examining sports-related concussion supports a multifaceted concussion evaluation that 
includes neuropsychological assessment, symptom evaluation, and postural control 
assessment (Broglio & Puetz, 2008).  
In addition to clinical concerns, it will be interesting to see if symptom report can 
contribute to the ever-evolving grading and classification systems within the sports-
related concussion community.  Current recommendations for return-to-play guidelines 
suggest that a student-athlete should perform at baseline on neurocognitive measures and 
is symptom free (at rest and during exertion) before return-to-play is considered (Kissick 
& Johnston, 2005). A graduated return-to-play progression characterized by a stepwise 
exertional protocol was recently outlined as part of the consensus statement of the 
Concussion in Sport Group (McCrory et al., 2009). Importantly, the Concussion in Sport 
Group now recognizes number of post-concussive symptoms as a possible modifying 
factor in concussion management. Future research is warranted to examine whether a 
specific symptom, specifically visual symptom report, could serve as an independent 
predictor of outcome or serve as a stand-alone modifying factor. 
Notably, current research examining the relationship between post-concussive 
symptomatology and neurocognitive performance is counterbalanced by increasing data 
that suggest that symptom assessment alone is insufficient and may lead to missed 
diagnoses due to potential underreporting of symptoms and/or asymptomatic student-
athletes with residual neurocognitive deficits (Lovell, Collins, Maroon, Cantu, Burke, & 
Fu, 2002; VanKampen, Lovell, Pardini, Collins, & Fu, 2006).  
There has also been an increased focus on the influence of pre-morbid psychiatric 
history (Meares et al., 2008), personality characteristics (Garden, Sullivan, & Lange, 
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2010), explanatory style (Shapcott, Bloom, Johnston, Loughead, & Delaney, 2007), and 
the “good-old-days” bias (Iverson, Lange, Brooks, & Rennison, 2010) on post-concussive 
symptom report. This literature, largely focused on post-concussive syndrome, has 
identified a number of psychological factors including depression, personality traits, and 
social support, which play a significant role in susceptibility and recovery of concussion. 
The examination of post-concussive symptoms may serve to elucidate the relationship 
between personality characteristics, reporting-style, and subjective self-report. For 
example, an investigation examining the construct validity of the Head Injury Scale 
(Piland, Motl, Peterson, & Ferrara, 2003) detected three latent constructs (somatic, 
cognitive, and neuropsychological) within a self-report measure, allowing for potential 
removal of other potentially confounding symptoms from the scale. Further exploration 
into the symptoms of visual disturbance and photophobia, for example, has the potential 
to identify a “visual” construct in which symptom report is not as strongly affected by 
personal style. 
Another interesting direction for the future of sports-concussion research lies in the 
examination of eye movements. The Post Trauma Vision Syndrome identified by Padula 
and colleagues (1996) directly attributes symptoms (including diplopia, blurred vision, 
and photophobia) to oculomotor dysfunction. There is increasing evidence that mTBI has 
a straightforward and quantifiable impact on motor control, with eye movements 
demonstrating a strong relationship to the functional status of the brain following mTBI 
(Heitger, Anderson, & Jones, 2002a; Heitger, Anderson, & Jones, 2002b). Examination 
of the recovery profile of this oculomotor impairment suggests deficits are most prevalent 
within one week of injury, gradually recovering over the course of six months (Heitger, 
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Jones, Dalrymple-Alford, Frampton, Ardagh, & Anderson, 2006). Future exploration into 
the immediate post-concussive window (0-10 day following injury) would be interesting 
and has the potential to help improve diagnostic sensitivity and specificity in concussion 
management. As with visual symptom report, it will be interesting to see if these 
oculomotor deficits may serve to help predict severity of concussion. 
mTBI and sports-related concussion interest and research continue to increase 
both academically and in the popular media. The relationship between post-concussive 
symptomatology, and specifically visual symptom report, warrants further examination, 
particularly in combination with the aforementioned trends of the sports-related 
concussion and mTBI literature. Notably, the examination of sport-concussion is in its 
relative infancy and remains somewhat controversial. Additional research and improved 
technologies will be focused on better defining, detecting, and differentiating concussion 
as well as developing concussion management programs aimed at protecting student-
athletes from the deleterious potential effects of cumulative concussion, post-concussion 
syndrome, and second impact syndrome. Until the mechanisms of injury and source of 
physiological disturbance in the concussion phenomenon are better understood, a multi-
method approach to examining post-concussive neurocognitive sequelae will allow for 
increased accuracy in the diagnosis of concussion and improved clinical care for student-
athletes. 
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Table 1. Concussion grading systems (Cantu, 1986; Kelly et al., 1991; American 
Academy of Neurology, 1997) 
 
 
Grading System Grade I Grade II Grade III 
   
American Academy of Neurology No LOC 
Transient 
Confusion 
Symptoms and 
mental status 
abnormalities 
less than 15 
minutes 
No LOC 
Transient 
Confusion 
Symptoms and 
mental status 
abnormalities 
more than 15 
minutes 
LOC (brief or 
prolonged) 
 
Cantu Grading System 
 
No LOC 
PTA less than 
30 min 
 
LOC less than 5 
min 
OR 
PTA less than 
30 min but not 
greater than 24 
hours 
 
LOC  greater 
than 5 min  
OR 
PTA more than 
24 hours 
 
Colorado Medical Society 
 
No LOC 
Confusion 
without 
Amnesia 
 
No LOC 
Confusion with 
amnesia 
 
LOC 
LOC, loss of consciousness; PTA, post-traumatic amnesia 
Source: Adapted from Cernich, Reeves, Sun, & Bleiberg, 2007 
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Table 2. Postconcussion Symptom Scale 
 
 
 
Symptom None Minor Moderate Severe 
Headache 0 1 2 3 4 5 6 
Nausea 0 1 2 3 4 5 6 
Vomiting 0 1 2 3 4 5 6 
Balance Problems 0 1 2 3 4 5 6 
Dizziness 0 1 2 3 4 5 6 
Fatigue 0 1 2 3 4 5 6 
Trouble Falling Asleep 0 1 2 3 4 5 6 
Sleeping more than usual 0 1 2 3 4 5 6 
Sleeping less than usual 0 1 2 3 4 5 6 
Drowsiness 0 1 2 3 4 5 6 
Sensitivity to light 0 1 2 3 4 5 6 
Sensitivity to noise 0 1 2 3 4 5 6 
Irritability 0 1 2 3 4 5 6 
Sadness 0 1 2 3 4 5 6 
Nervousness 0 1 2 3 4 5 6 
Feeling more emotional 0 1 2 3 4 5 6 
Numbness or tingling 0 1 2 3 4 5 6 
Feeling slowed down 0 1 2 3 4 5 6 
Feeling mentally “foggy” 0 1 2 3 4 5 6 
Difficulty concentrating 0 1 2 3 4 5 6 
Difficulty remembering 0 1 2 3 4 5 6 
Visual problems 0 1 2 3 4 5 6 
Source: Adapted from Lovell & Collins, 1998 
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Table 3. The ImPACT Neuropsychological Test Battery 
 
 
 
Test Name  Neurocognitive Domain Measured 
Word Memory  
Design Memory  
X’s and O’s  
 
Symbol Match 
 
Color Match  
 
Three Letter Memory 
 
 
Symptom Scale 
 
Verbal recognition memory 
Spatial Recognition memory 
Visual working memory and 
cognitive speed 
Memory and visual-motor speed 
Impulse inhibition and visual-motor 
speed 
Verbal working memory and 
cognitive speed 
Rating of individual self-reported 
symptoms 
 
Composite Scores    
Verbal Memory Averaged percent correct scores for the Word Memory 
(learning and delayed), Symbol Match memory test, 
Three letters memory test 
Visual Memory Average percent scores for Design Memory (learning 
and delayed), X’s and O’s test 
Reaction time Mean weighted time (ms) for X’s and O’s test, Symbol 
Match, Color Match (average reaction times for correct 
responses) 
Visual Motor Processing Speed X’s and O’s, Symbol Match, Three Letters (average 
correct) 
Impulse Control X’s and O’s, Color Match (number of errors) 
Adapted from P. Schatz et al., 2006; Fazio, Lovell, Pardini, & Collins, 2007 
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Table 4. The Concussion Resolution Index 
 
 
 
Cognitive Subtests  Indices 
Symbol Scanning  
Animal Coding 
Reaction Time 
Cued Reaction Time 
Visual Recognition 1 
Visual Recognition 2 
 
Processing Speed 
Processing Speed 
Simple Reaction Time 
Simple Reaction Time 
Complex Reaction Time 
Complex Reaction Time  
Adapted from Headminder, 2007.  
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Table 5. Descriptive Statistics, Mean Comparisons, and Effect Sizes for Time on ImPACT 
 
 
 
Variable Baseline 
Mean S.D. 
0-72 Hour Post-
Concussion 
Mean S.D. 
3-6 Days Post-
Concussion 
P 
value 
Effect 
Size 
ηp2 
Verbal memory 
composite 
0.87 0.09 0.82 0.12 0.84 0.14 0.01 0.07 
Visual memory 
composite 
0.74 0.14 0.67 0.16 0.72 0.15 < .01 0.13 
Visual motor 
speed composite 
38.18 7.72 34.60 9.26 38.92 9.25 < .01 0.13 
Reaction time 
composite 
0.54 0.07 0.58 0.09 0.56 0.13 < .01 0.09 
Total symptoms 
score 
6.44 5.54 27.98 21.85 14.21 15.18 < .01 0.48 
*Lower scores are reflective of worse performance on memory and visual motor 
composites, whereas higher scores are reflective of worse performance on symptom, 
reaction time composite and impulse control scores. 
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Table 6. Descriptive Statistics and Mean Comparisons for Group and Time on ImPACT 
 
 
 
Composite No Reported Visual Symptoms (n=32) 
 
Time Point 
Reported Visual Symptoms 
 (n=30) 
Time Point 
 Baseline Time 2 Time 3 Baseline Time 2 Time 
3 
 
 x sd x sd x sd x sd x sd x sd 
Verbal 
memory 
composite 
0.89 0.09 0.86 0.11 0.88 0.10 0.85 0.10 0.78 0.12 0.80 0.16 
Visual 
memory 
composite 
0.80 0.11 0.74 0.14 0.80 0.11 0.68 0.15 0.60 0.15 0.65 0.16 
Visual 
motor 
speed 
composite 
38.71 8.52 38.03 8.03 39.97 9.44 37.62 6.86 30.94 9.20 37.81 9.06 
Reaction 
time 
composite 
0.53 0.06 0.55 0.07 0.52 0.07 0.55 0.08 0.62 0.11 0.60 0.16 
Total 
symptom 
6.28 5.31 14.91 14.28 7.78 9.90 6.60 5.86 41.93 19.91 21.07 16.89 
*Lower scores are reflective of worse performance on memory and visual motor 
composites, whereas higher scores are reflective of worse performance on symptom, 
reaction time composite and impulse control scores. 
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Table 7. Classification Table for Visual Symptom Report Group Based on ImPACT 
Composite Scores. 
 
 
Actual Group Membership Predicted Group 
Membership 
NVSR         VSR 
Total 
 
(n)     NVSR 26 6 32 
          VSR 9 21 30 
(%)    NVSR 81.2 18.8 100.0 
          VSR 30.0 70.0 100.0 
75.8% of original group cases correctly classified. 
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Table 8. Significance of the Discriminant Function Predicting Group Membership from 
ImPACT Composite Scores. 
 
 
Function Wilks’ λ χ2 df Significance
1 .577 342.45 2 p < .001 
 
Discriminant Function Eigenvalue Percentage of Variance Canonical Correlation
1 0.733 100% 0.650 
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Table 9. Standardized Canonical Discrimination Function Coefficients and Pooled 
Within-Groups Correlations for the five ImPACT Scores. 
 
 
Factor Standardized Coefficients Correlations 
Visual Motor Speed Composite -0.464 -0.488 
Total Symptom Composite 0.873 0.886 
Verbal Memory Composite  -0.596 
Visual Memory Composite  -0.449 
Reaction Time Composite  0.472 
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Table 10. Total Numbers and Percentages of Clinical Change According to the ImPACT 
Reliable Change Indices for Baseline versus Initial Post-Concussion Testing for Visual Symptom 
Report Groups 
 
 
Composite No Reported Visual 
Symptoms 
(n=32) 
Reported Visual Symptoms 
(n=30) 
RCI 
 Percentage of Changed 
Performance 
n Percentage of Changed 
Performance 
mn  
Verbal 
Memory 
28 9 40 12 0.0875
Visual 
Memory 
28 9 40 12 0.1355
Visual Motor 
Speed 
38 12 73 22 0.06 
Reaction Time 22 7 53 16 4.98 
Total 
Symptom  
40 13 93 28 9.18 
At Least one 
RCI 
75 24 100 30  
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Table 11. Post Trauma Vision Syndrome Markers by Group Based on Symptom Report as 
Measured by ImPACT. 
 
 
Variable No Visual Symptom 
Report 
Visual Symptom 
Report 
2 p 
No Post-Concussive 
Headache  
7 (11.3%) 4 (6.5%) 0.77 0.38
Post-Concussive Headache 25 (40.3%) 26 (41.9%)   
No Post-Concussive 
Photophobia 
24 (38.7%) 3 (4.8%) 26.61  .01 
Post-Concussive 
Photophobia 
8 (12.9%) 27 (43.6%)   
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Table 12. Descriptive Statistics, Mean Comparisons, and Effect Sizes for Time on CRI 
 
 
Variable Baseline 
Assessment  
Mean S.D. 
0-48 Hour Post-
Concussion 
Mean S.D. 
3-5 Days Post-
Concussion 
P 
value 
Effect 
Size 
ηp2 
Simple Reaction 
Time 
.36 .57 .54 .31 .48 .30 .001 .240 
Complex 
Reaction Time 
.70 .07 1.05 .53 .89 .56 .001 .257 
Processing 
Speed Index 
2.75 .47 3.12 .92 2.76 .97 .030 .136 
         
*Lower scores are reflective of better performance. 
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Table 13. Descriptive Statistics and Mean Comparisons for Group and Time on CRI 
 
 
Composite No Reported Visual Symptoms 
(n=13) 
 
Time Point 
Reported Visual Symptoms 
 (n=13) 
Time Point 
 Baseline Time 2 Time 3 Baseline Time 2 Time 
3 
 
 x sd x sd x sd x sd x sd x sd 
Simple 
Reaction 
Time 
0.35 0.07 0.39 0.06 0.41 0.12 0.36 0.05 0.86 0.16 0.55 0.40
Complex 
Reaction 
Time 
0.69 0.07 0.86 0.16 0.77 0.22 0.70 0.08 1.26 0.69 1.00 0.75
Processing 
Speed Index 
2.63 0.38 2.68 0.53 2.40 0.69 2.88 0.53 3.55 1.03 3.13 1.09
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Table 14. Classification Table for Visual Symptom Report Group Based on CRI 
Composite Scores. 
 
 
Actual Group Membership Predicted Group 
Membership 
NVSR         VSR 
Total 
 
(n)     NVSR 24 5 29 
          VSR 3 9 12 
(%)    NVSR 82.8 17.2 100 
          VSR 25.0 75.0 100 
80.5% of original group cases correctly classified. 
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Table 15. Significance of the Discriminant Function Predicting Group Membership from 
CRI scores. 
 
 
Function Wilks’ λ χ2 df Significance
1 .684 14.41 2 p = 0.01 
 
Discriminant Function Eigenvalue Percentage of Variance Canonical Correlation
1 0.461 100% 0.562 
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Table 16. Standardized Canonical Discrimination Function Coefficients and Pooled 
Within-Groups Correlations for the CRI Composite Scores. 
 
 
Factor Standardized Coefficients Correlations 
Simple Reaction Time 0.843 0.829 
Complex Reaction Time  0.710 
Processing Speed  0.464 
Total Symptom Score 0.560 0.538 
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Table 17. Total Numbers and Percentages of Clinical Change According to the CRI Reliable 
Change Indices for Baseline versus Initial Post-Concussion Testing for Visual Symptom Report 
Groups. 
 
 
Composite No Reported Visual Symptoms 
(n=13) 
Reported Visual Symptoms 
(n=13) 
 Percentage of Changed 
Performance 
n Percentage of Changed 
Performance 
mn
Simple Reaction 
Time 
31 4 85 11 
Complex Reaction 
Time 
77 10 77 10 
Processing Speed 38 5 77 10 
At Least one RCI 92 12 92 12 
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Table 18. Post Trauma Vision Syndrome Markers by Group Based on Symptom Report as 
Measured by the CRI. 
 
 
Variable No Visual Symptom 
Report 
Visual Symptom 
Report 
2 p 
No Post-Concussive 
Headache  
5 (12%) 0 (0%)   
Post-Concussive Headache 24 (59%) 12 (29%)   
No Post-Concussive 
Photophobia 
16 (39%) 2 (5%) 5.11 0.02
Post-Concussive 
Photophobia 
13 (32%) 10 (24%)   
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Figure 1. Time Course of the ImPACT Verbal Memory Composite by Group (Error Bars 
represent 95% Confidence Intervals) 
 
 
 
 
 
106
 
Figure 2. Time Course of the ImPACT Visual Memory Composite by Group (Error Bars 
represent 95% Confidence Intervals) 
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Figure 3. Time Course of the ImPACT Visual Motor Speed Composite by Group (Error 
Bars represent 95% Confidence Intervals) 
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Figure 4. Time Course of the ImPACT Reaction Time Composite by Group (Error Bars 
represent 95% Confidence Intervals) 
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Figure 5. Time Course of the ImPACT Total Symptom Score Composite by Group (Error 
Bars represent 95% Confidence Intervals) 
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Figure 6. Estimated Marginal Means of the ImPACT Visual Motor Composite over time 
by Group (VSR vs. NVSR) 
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Figure 7. Estimated Marginal Means of the ImPACT Reaction Time Composite over time 
by Group (VSR vs. NVSR) 
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Figure 8. Estimated Marginal Means of the ImPACT Total Symptom Score Composite 
over time by Group (VSR vs. NVSR) 
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Figure 9. Time Course of the CRI Simple Reaction Time Composite by Group (Error 
Bars represent 95% Confidence Intervals) 
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Figure 10. Time Course of the CRI Complex Reaction Time Composite by Group (Error 
Bars represent 95% Confidence Intervals) 
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Figure 11. Time Course of the CRI Processing Speed Index by Group (Error Bars 
represent 95% Confidence Intervals) 
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Figure 12. Estimated Marginal Means of the CRI Simple Reaction Time Composite over 
time by Group (VSR vs. NVSR) 
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Figure 13. Estimated Marginal Means of the CRI Complex Reaction Time Composite 
over time by Group (VSR vs. NVSR) 
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Figure 14. Estimated Marginal Means of the CRI Processing Speed Index over time by 
Group (VSR vs. NVSR) 
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Figure 15. Means of the CRI Total Current Symptom Score over time by Group (VSR vs. 
NVSR) 
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